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Sammanfattning 

En ökad antibiotikaresistentproblematik bland patogena bakterier visar att 

antibiotikans gyllene tid går mot sitt slut och alternativa behandlingar 

behövs. Historiskt sett användes fager för att behandla bakterieinfektioner 

innan antibiotika upptäcktes och de har därför under det senaste decenniet 

fått förnyat intresse. Trots fördelarna med fagterapi över traditionell 

antibiotikaanvändning finns det ett antal obesvarade frågor gällande 

kliniska tillämpningar av fager vilka är centrala för behandlingens 

effektivitet och säkerhet. Denna avhandling presenterar fyra artiklar som 

fokuserar på isolering och karakterisering av fager samt dynamiken och 

infektionskinetiken av fager avsedda att användas mot 

antibiotikaresistenta E. coli. Artikel I visar att mer kunskap behövs för att 

analysera värdspektrum för fager och visar att effektiviteten av lyseringen 

skiljer sig mellan olika bakterier som fagen kan använda som värd. 

Artikel II undersöker en ovanlig fag med en ovanlig morfotyp och 

karakteriserar den med genomiska, proteomiska, morfologiska och 

fylogenetiska analyser. Studien föreslår att denna fag kan skilja sig i 

infektion av värdbakterier och genomreplikering jämfört med andra fager 

från Podoviridae familjen. I artikel III beskrivs hur fyra renade olika 

fager uppvisat koncentrationsberoende skillnader i immunogenicitet hos 

humana celler. Fagerna var högproduktiva och effektiva i att döda 

värdbakterien oavsett aktiviteten av immunresponsen hos de humana 

cellerna. Artikel IV studerar infektionsdynamik av två fager som 

samtidigt infekterar en värdbakterie. Data antyder att det är möjligt att de 

två fagerna stör varandra då de appliceras samtidigt, men också att 

interferensen kan undvikas och synergieffekter uppnås med en 

fördröjning av tillsättningen av varje fag. 
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Abstract 

The increase of multi-resistant bacteria highlights that the golden era of 

antibiotics is ending and that alternative treatments are urgently needed. 

Phages have been historically used to treat bacterial infections prior to the 

discovery of antibiotics and have gained renewed interest in the past 

decade. Despite the advantages of phage therapy over traditional 

antibiotic usage, a number of concerns persist over their clinical 

application centring on their efficacy and safety. This thesis presents four 

papers that focus on the isolation and characterization of phages that 

target reference strains and drug-resistant strains of E. coli as well as their 

infection dynamics and kinetics.  

In Paper I, six of thirty isolated phages were selected to be characterized 

for their growth parameters and host range using two commonly used 

methods. The study showed that the host range (an important selection 

criteria) of the phages can change based on the assessment method and 

that the lysis efficiency of phages is host-dependent. The study suggests 

that standardised methods to assess the host range and lytic activity of 

phages are required to reduce result variability between research groups.  

Paper II investigated a rare phage with C3 morphotype from the 

Podoviridae family and characterised it via genomic, proteomic, 

morphologic and phylogenetic analysis. The study revealed previously 

unseen aspects including the formation of a honeycomb structure 

comprised of phage head during DNA packaging, the possible contractile 

nature of the tail and the 280 million year co-evolution between the major 

head protein and the scaffolding protein.   

Paper III highlights the need to take the immune system into 

consideration when designing phage therapeutics. In the study, four 

purified structurally distinct phages (selected from the three main phage 

families) were exposed to human cells (HT-29 and Caco-2 immortalised 

intestinal epithelial cell lines and donor-derived peripheral blood 

mononuclear cells) and the immunogenicity of the phages determined. 

Phage immunogenicity was shown to vary in a concentration and phage 

dependent manner with SU63 (a Myoviridae) being the most 

immunogenic phage and SU32 (a Siphoviridae) the least immunogenic. 
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In the presence of human cells and a suitable host, phages were shown to 

maintain their killing efficacy as well as the ability to proliferate.   

Paper IV studies the infection dynamics of an experimental two-phage 

cocktail against a single bacterial host in vitro and in silico.  However, in 

silico analysis and in vitro analysis produced conflicting results, in which 

mathematical modelling predicted the complete clearance of bacteria for 

all treatment scenarios whereas experimental results showed a 1-3log10 

reduction in bacterial content. Practical experiments also showed 

increased anti-bacterial activity when the time between the additions of 

each phage was varied.  This discrepancy suggests that the current 

mathematical model is unsuitable due the inability to account for discrete 

variables such as interference.  
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1 Introduction  

1.1 Antibiotic resistance 

Initially identified in a military hospital during the 1930s, Sulfonamide-

resistant Streptococcus pyogenes strains heralded the dawn of 

antimicrobial resistance, which has increased at an alarming rate with 

multi resistant bacterial strains being identified during the 1950s and 

1960s.  The latter stages of the 20
th
 Century have seen the global rise of 

highly prevalent bacterial strains that possess resistance to multiple 

antibiotic classes (e.g. multi-drug resistant strains of Pseudomonas 

aeruginosa and Acinetobacter baumannii) (Levy and Marshall, 2004). 

Without urgent global intervention the continuing rise of antibiotic 

resistance could potentially devastate global public health, rendering the 

most common of bacterial infections untreatable (Sun et al., 2014). 

The increase of antibiotic resistance can be explained in part by both 

bacterial (high mutation frequencies and exchange of genetic 

information) and societal factors (improper antibiotic usage and increased 

of population density and global migration of animals and people). When 

under the selective pressure of antibacterial agents, bacteria can exchange 

pre-existing systems of antibiotic resistance with other species or develop 

novel mechanisms of resistance (Huijbers et al., 2015, Liu et al., 2015). 

These resistance mechanisms include genes that encode degrading 

enzymes (e.g. beta-lactamases), enzymes that inhibit drug migration into 

the cell and the alteration or loss of drug binding sites (Tenover, 2006).   

1.1.1 Bacterial mechanisms of spreading resistance genes  

In order to transfer genes between bacteria, mechanisms such as 

transformation (acquiring genetic material by bacteria from their 

surrounding environment), conjugation (transfer of genes between 

bacteria via F-pilus) and transduction (transfer of genetic material 

between bacteria by phages) are routinely employed either separately or 

in combination with one another. Through lysogenic conversion and 

transduction, prophages can mediate the evolution of pathogens and 

adaptation to the host. Due to the nature of transduction, there is also the 

potential for transferring additional genes to the recipient bacteria, this is 
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of particular importance for the spread of antibiotic resistance. It has been 

demonstrated that about 20% of infected enteric bacteria survive the lytic 

phage invasion and can acquire genes by transduction.  This study also 

states that the antibiotic resistance genes that the phage has acquired from 

its previous host transferred to the new host (Kenzaka et al., 2010, Popa 

and Dagan, 2011).  

 1.1.2 Escherichia coli (E. coli)  

E. coli is a gram-negative Bacillus of the Enterobacteriaceae family 

which is extremely prevalent in nature (approximately 10
20 

cells) and is a 

facultative aerobe within the gastrointestinal tract of warm-blooded 

animals. Although usually benign, E. coli can also cause a variety of 

intestinal and extra intestinal infections in humans, including urinary tract 

infections, sepsis, and neonatal meningitis (Johnson et al., 2003, 

Tenaillon et al., 2010). Thus far, eight classes of pathogenic E. coli have 

been comprehensively characterized and their infection mechanisms 

widely studied (Table 1; Kaper et al., 2004). 

Table 1. Eight different classes of pathogenic E. coli. 

 

 

.  

 

 

 

 

E. coli strains can enhance their pathogenicity through the acquisition of 

mobile genetic elements from phages and other bacteria. It is estimated 

that 15% of E. coli genes are laterally transformed enabling them to 

become an extremely malleable pathogen and a threat to human health 

(e.g. E. coli O104:H4; Karch et al., 2012). E. coli infections are often 

E. coli classes Abbreviation 

Diffusely Adherent  DAEC 

Enterotoxigenic ETEC 

Enteropathogenic  EPEC 

Enteroaggregative EAEC 

Enterohaemorrhagic  EHEC 

Extraintestinal ExPEC 

Meningitis-associated  MNEC 

Uropathogenic UPEC 
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very difficult to resolve (Croxen and Finlay, 2010, Tenaillon et al., 2010) 

with the globalisation of multi-resistant strains, as is the case with 

resistance to colistin (Velasco et al., 2009, Liu et al., 2015).  

The chromosomally mediated CTX-M-15 extended-spectrum β-

lactamase (ESBL) plasmid is the dominant ESBL within E. coli that is 

horizontally transferred and confers resistance to many β-lactam 

antibiotics including third-generation cephalosporins to members of the 

Enterobacteriaceae (Kumarasamy et al., 2010). In Sweden, E. coli 

resistance rates have increased between 2007 and 2013 by more than 

400% (resistance) to 3rd generation cephalosporins, 222% to 

fluoroquinolones and 510% to aminoglycosides (Control, 2015). This rise 

in multi-drug resistant E. coli infections highlights the pressing need to 

develop additional measures to combat bacterial infections.  

1.2 Phage biology 

Bacteriophages (phages) are viruses, which specifically infect and kill 

their bacterial host and are believed to the most numerous biological 

entity on the earth. Phages are environmentally ubiquitous existing 

wherever there are suitable hosts, with titres varying from 10
8
/ml in 

freshwater to 10
9
/ml in sediments (Ashelford et al., 2003).  

1.2.1 The discovery of phages  

Although initially described in 1896 by Ernest Hankin, the antimicrobial 

activity of water from the Ganges and Jumna Rivers against Vibrio 

cholerae was not characterised until 18 years later by Frederick William 

Twort who reported a glassy transformation of bacterial colonies by an 

unknown agent. In 1915 the phenomenon was attributed to phages by 

Felix d’Herelle who carried out an investigation of severe haemorrhagic 

dysentery among French soldiers. d’Herelle filtered patient derived faecal 

samples and mixed the resulting filtrate with Shigella strains that had 

been isolated from patients. When grown on agar plates, small clear 

zones were observed which he called plaques (Sulakvelidze et al., 2001) 

and he then later coined the term “bacteriophage” (bacteria-eater) to 

describe the unknown agent that caused bacterial lysis. In 1917 in a 

presentation at the French Academy of Sciences he described their 
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parasitic characteristics and narrow host range and finally in 1940, the 

viral nature of phages was identified with the help of electron 

microscopes (Duckworth, 1976).  

1.2.2 Morphology and systematics  

In 1967, Bradley divided phages into different taxonomic classifications 

based upon their nucleic acid content (dsDNA, ssDNA, dsRNA, and 

ssRNA) and structural morphology. According to this morphological 

classification, group A (Myoviridae) phages possess long contractile tails, 

group B (Siphoviridae) phages have long non-contractile tails and phages 

of group C (Podoviridae) have short non-contractile tails. Both group D 

and E phages, are tailless and possess different sized capsomeres. Group 

F phages contain filamentous phages, long protein filaments filled by 

ssDNA. These six basic morphology types are further divided based on 

head size (fig.1a). For example, the C morphotype phages (Podoviridae) 

are divided into C1, C2 and C3, in which the higher number corresponds 

to increased head length (Bradley, 1967).  

C3 morphotype phages are rare members of the Podoviridae that possess 

an unusual elongated head. The morphotype was first identified in KSY1, 

isolated from a Finnish milk product (Chopin et al., 2007) and there is to 

date, the complete genomes of six C3 morphotype phages, including 

SU10, are publicly available (Khan Mirzaei et al., 2014). The head size of 

C3 morphotype phages varies between 90 and 223 nm and their dsDNA 

genomes range between 70 to 90 kb in size. KSY1 is the only phage of 

the C3 morphotype that infects gram-positive bacteria and possesses the 

longest head of the C3 phages (Chopin et al., 2007). 

A phage viron is often, but not exclusively comprised of three primary 

components; the head, tail and tail fibres (fig. 1b). The head is a protein 

shell, which is infrequently covered by lipid layers and contains the 

phage genome, whose genomes can vary between 17 and 500 kb and are 

mostly dsDNA. The tail and tail fibres of phages mediate adsorption to 

the host and assist in the delivery of the genome packaged in the head 

(Rohwer, 2003). 
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Compared to Bradley’s classification, which has divided phages into six 

morphological types, the International Committee on Taxonomy of 

Viruses (ICTV) classifies phages as one major order, 13 families, and 31 

genera according on the basis of nucleic acid content, morphology and 

genomic data. Approximately 96% of isolated phages belong to the 

Caudovirales order, comprising of three large families (25% Myoviridae, 

61% Siphoviridae, 14% Podoviridae), which are phylogenetically related 

and are all tailed (Ackermann, 2003). The remaining 4% of phages are 

tailless with varying structure: polyhedral (with either icosahedral or 

cubic symmetry), pleomorphic (asymmetric e.g. shaped like a lemon or a 

droplet) and filamentous with a long and thin morphology (Maniloff and 

Ackermann, 1998, Ackermann, 2003).  

 

Figure 1. Schematic morphology of tailed phages. a) Morphological 

classification of phages (adapted from Hull et al (1990)); b) Structure of 

Myoviridae phage T4. The head, tail, tail fibres and baseplate are identified in the 

figure.  
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1.2.3 Phage life cycle 

Absorption to a suitable host is a multistep process that can be divided 

into reversible and irreversible events and represents the starting point of 

the phage life cycle (Lindberg, 1973, Abedon, 2006). Initial binding to 

the target cell is a reversible process in which the tail fibers of the phage 

attach to a surface receptor of a bacterium. However, the first interaction 

for some phages (e.g. Bacillus subtilis phage 29 and Caulobacter 

crescentus phage φCb13) with the host is via their head appendages 

(Guerrero-Ferreira et al., 2011, Casjens and Molineux, 2012).  The initial 

association of the phage head to the bacterial host provides additional 

time for the tail fibres to acquire the primary receptor, usually outer 

membrane proteins, pili, capsule, LPS and peptidoglycan of gram-

positive bacteria (Rakhuba et al., 2010). Once successfully attached the 

phages migrate to secondary receptor sites on the cell surface, a process 

which is enzymatically controlled in some phages (e.g. P22, a 

Podoviridae phage; fig.2). Once irreversibly bound to the secondary 

receptors DNA delivery is triggered, although there is no common 

mechanism among phages for DNA ejection, for example phage λ is 

believed to deliver its genome through diffusion while T4 employs a cell-

puncturing device (Gonzalez-Huici et al., 2004). 

Following the successful penetration of the bacterial membrane, the 

internal pressure of the phage’s genome (produced as a by-product of 

DNA packaging in the head) is released (Casjens and Molineux, 2012). 

This internal pressure is used to eject the phage’s DNA into the cell at 

between 60,000–75,000 bp/s (reported for phage λ and T5). In tailed 

phages (e.g. P22 and T7), a number of proteins are also released into the 

bacterial cell along with DNA injection. These proteins have been shown 

to play a role in the inhibition of host defence mechanisms, help with 

DNA delivery, or the replication of phage DNA (Casjens and Molineux, 

2012).  An ejected phage genome can result in one of three main 

replication cycles; temperate, virulent or lytic, and chronic (fig. 3).  
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Figure 2. a) Adsorption and DNA delivery of a Podoviridae phage (adopted from 

Casjens and Molineux, 2012). (1) Primary adsorption to cell surface receptors. 

(2) Secondary absorption to outer membrane proteins of the host. (3) 

Rearrangement of the phage tail machinery and peptidoglycan cleavage. b) 

Scanning electron micrograph of phage SU10 adsorbing to E. coli (ECOR10).  

Lytic phages 

Lytic, or virulent, phages hijack the host transcription-translation 

apparatus to produce the viral particles (Echols, 1972) leading to the 

destruction of the bacterial host (fig. 3a) via two main stages: early and 

late infection. During early infection (the time between DNA delivery 

and replication initiation), early and middle genes are expressed whose 

products are responsible for DNA replication. In the late stage of 

infection (time between replication initiation and burst), genes encoding 

structural and assembly components for the production of phage particles 

are transcribed, including both structural and assembly proteins (fig. 3). 

Cell lysis begins with the assembly of phage particles, lysis of the 

bacterial cell membrane, and release of phage progeny to search for a 

new host (Abedon, 2009). To avoid early lysis, genes are synthesized in a 

sequential manner i.e. the activation of each block (middle and late 

genes) is regulated by the products of the earlier block (Krebs et al., 

2014). The activity of two groups of enzymes, endolysins and holins, 

mediate lysis of the bacterial cell membrane. Endolysins are 

peptidoglycan degradators and holins (hole-formers) accelerate the 

endolysins access to the peptidoglycan layer (Echols, 1972).  
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Temperate phages  

Upon successful infection, the lifecycle of a temperate phage can 

progress along one of two alternative pathways; the lytic or the lysogenic 

depending on the prevailing conditions (fig 3a). The lytic pathway is 

similar to that of lytic phages; the phage genome remains in the 

cytoplasm, replicates and expresses the phage genes, leading to cell death 

and release of progeny phages. In the lysogenic cycle, the phage DNA in 

most cases becomes integrated in the host chromosome at a specific site 

via site-specific recombination, it stays dormant and replicates as part of 

the host chromosome (Cho et al., 2002). A genetic switch containing at 

least two promoters and two repressors controls the choice between lytic 

growth and establishment and maintenance of lysogeny (Renberg-

Eriksson et al., 2001). Although lysogeny is often a stable state, external 

factors can induce the conversion from lysogeny to lytic growth as seen 

in phage  where lysis can be induced by activation of the SOS response 

pathways (Michalowski and Little, 2005, Krebs et al., 2013).   

Additional phage life styles 

In addition to the lytic and lysogenic lifecycles, a minority of phages can 

reproduce as part of a chronic infection or in a pseudolysogenic manner. 

The chronic infection (life cycle) is used by members of the Inoviridae 

(filamentous phages). These phages contain circular ssDNA that is 

packaged into long protein filaments, similar to bacterial pili which are 

then released without causing the lysis of the bacterial host (Yamada, 

2013).  

In pseudolysogeny, an ejected genome remains in the host cytoplasm 

neither integrating into the host genome nor proceeding to cell lysis.  This 

phenomenon was initially observed in bacteria from nutrient poor 

environments, in which pseudolysogenic phages lysed the bacteria when 

additional nutrients were provided to the culture. A pseudolysogenic state 

can be induced by the production of a holin inhibitor (the product of the 

rI gene) in E. coli phage T4 which delays the onset of cell lysis (Los et 

al., 2003, Cenens et al., 2013).  
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Figure 3. The replication of tailed phages (adapted from Krebs et al., 2013).       

a) Schematic representation of the lytic and lysogenic lifecycles; red illustrates 

phage DNA whilst black is bacterial DNA. b) A thin section electron micrograph 

showing the adsorption (black arrow) of phage SU10 and the packaging of phage 

progenies (red arrow).   

1.3 Phage-bacterial interactions  

It is generally believed that approximately10
25

 phage infections/s are 

initiated on earth and that about 10
15

 gene transfer events/s are mediated 

by phage transduction (Brussow et al., 2004, Frost et al., 2005). This 

constant co-evolutionary arms race between phages and their bacterial 

hosts has occurred over billions of years and is responsible for 

fundamental changes in the bacterial genetic architecture.  Indeed a 

number of pathogenic bacterial strains such as Clostridium botulinum, 

Staphylococcus aureus, V. cholera and E. coli owe their pathogenicity to 

temperate phages (Keen, 2012). A comparison between E. coli K-12 

(MG1655), a non-pathogenic laboratory strain and pathogenic E. coli 

O157:H7 (EDL933) revealed that EDL933 possessed an additional 1,387 

genes which had been horizontally transferred. In addition to this, 18 

regions of the EDL933 genome have been recognized to contain 

numerous cryptic phages (temperate phages lacking the ability to cause 

bacterial lysis) and a single temperate phage (Stx2) (Perna et al., 2001).  
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1.3.1 Bacterial defence mechanisms 

In order to protect themselves from phage predation, bacteria have 

developed a number of mechanisms aimed at preventing phage 

adsorption or halting phage reproduction in the cell (Hyman and Abedon, 

2010). These strategies can be divided into two kinds based on their 

interference with different steps of the phage life cycle:  

i) Mechanisms that inhibit phage adsorption.  These include the blocking 

or alteration of phage receptors, the formation of biofilms and 

Superinfection exclusion (Sie).   

ii) Mechanisms that prevent phage reproduction.  These include 

restriction modification systems (R-M), Bacteriophage Exclusion 

(BREX), Abortive infection (Abi) and Clustered Regularly Interspaced 

Short Palindromic Repeats (CRISPR).  

Blocking or alteration of phage receptors 

In order to prevent the adsorption of phage to bacterial cells, receptor 

sites can be masked, lost (partially or totally) or blocked.  The blocking of 

phage receptor sites can occur from changes to the structure or 

conformation of the receptors (Hyman and Abedon, 2010, Labrie et al., 

2010). While in E. coli F
+
 strains an outer membrane protein called TraT 

is produced masking OmpA, a commonly used E. coli phage receptor 

which inhibits phage adsorption (Hyman and Abedon, 2010, Labrie et al., 

2010). Campylobacter jejuni, an avian commensal, loose the O-methyl 

phosphoramidate moiety as part of its capsule polysaccharide via a phase 

variation to become resistant to phage F336.  (Holst Sorensen et al., 

2012). To avoid infection by phage SPC35, Salmonella typhimurium 

glucosylates the O-antigen of the SPC35 receptor via overexpression of 

the gtrABC1 cluster (Kim and Ryu, 2012).  

Biofilm  

The formation of biofilm, most commonly associated with P. aeruginosa, 

is initiated by the attachment of planktonic cells to a surface in response 

to environmental stimuli (e.g. temperature, nutrient availability and pH) 

(Hall-Stoodley et al., 2004). The maturation of the P. aeruginosa biofilm 
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produces extracellular polymeric substances (EPS) and enables P. 

aeruginosa  to resist a variety of environmental threats including 

dehydration, UV-light, chemical decontaminants and antibiotics. The 

protection of bacteria within a biofilm occurs through one of two main 

mechanisms: i) providing a semi permeable physical barrier or ii) the 

formation of a dormant zone, which motivates bacteria to substantially 

decrease their physiological activity.  The formation of a physical barrier 

between cells and the external environment could aid in the reduction of 

phage infection by trapping phages in a non-specific manner, thereby 

preventing them from reaching their binding sites (Hyman and Abedon, 

2010, Labrie et al., 2010, Abedon, 2012). The reduction of bacterial 

metabolic activity that accompanies biofilm maturity has been shown to 

affect the overall efficacy of beta lactam antibiotics (Hall-Stoodley et al., 

2004) and could potentially slow the rate of phage replication. 

Superinfection exclusion  

Dormant prophages in the bacterial genome encode proteins that can 

block entry of phage DNA. These proteins are associated with membrane 

composition and prevent the uptake of phage DNA by either changing the 

conformation of the bacterial membrane at the infection site and/or 

interfere with the activity of phage-produced enzymes such as T4 and T7 

lysozyme (Labrie et al., 2010). Sie also occurs in temperate P2-like 

phages whose genomes contain several lysogenic conversion genes that 

result in Sie of different phages either inhibiting DNA synthesis (e.g. T-

even phage infection) or by the production of additional proteins, 

including exonucleases such as Old (Odegrip et al., 2006). Demonstrated 

in P2-EC30, orf 570 possesses antiphage activity and can prevent 

infection by phage T5 (Odegrip et al., 2006).  

The presence of phage-inducible chromosomal islands (PICIs) in the 

bacterial genome can promote bacterial survival through interference of 

the temperate phage life cycle. This interference suppresses the 

replication of the temperate phage in favour of the replication and 

package of the PICI within phage proteins. Several proteins that are 

encoded on the pathogenicity islands of Staph. aureus arrest the 

propagation of the helper phage e.g. Ppi interferes with the activity of the 

phage small terminase subunit and Cpm which hinder the assembly of the 
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phage head (Penades and Christie, 2015).  To date PICIs have been 

demonstrated in Strep. pyogenes, Staph. aureus, V. cholera and 

Enterococcus  faecalis V583 (Penades and Christie, 2015).  

Restriction modification systems  

Restriction modification (R-M) systems were initially discovered in E. 

coli and are well spread amongst bacteria. R-M systems are mobile 

genetic elements that can be horizontally transferred between bacterial 

genomes and degrade non-methylated foreign DNA through the use of 

restriction enzymes (Kobayashi, 2001). R-M systems exist as four distinct 

types (type I-IV) and utilise one of two different enzyme types to prevent 

phage infection. The proteins that are used in these systems are highly 

variable, not only in terms of structure but also in their recognition and 

cleavage sites. The enzymes used in R-M systems include restriction 

endonucleases which introduce double stranded DNA breaks in a 

sequence specific manner and methyltransferases which methylate 

bacterial DNA to protect it from degradation (Donahue and Peek, 2001, 

Labrie et al., 2010). Although R-M systems protect bacteria from phage 

invasion, this protection comes at a cost should it ever be lost, as is the 

case in E. coli K-12 where the loss of a temperature sensitive R-M 

plasmid reduces bacterial viability (Chinen et al., 2000).  

Bacteriophage exclusion  

Initially identified in Bacillus cereus, bacteriophage exclusion (BREX) 

systems are present in approximately 10% of bacterial and archaeal 

genomes and provide immunity to temperate and lytic phages. The BREX 

system functions via the action of proteins exhibiting different enzymatic 

activity including proteases, phosphatases and methylases. These proteins 

can inhibit phage replication through their interaction with phage nucleic 

acids and phage proteins. This takes place either early in the phage 

replication cycle when BREX manipulates phage proteins that have been 

injected with the phage genome or through interaction with phage 

proteins that are produced at the end of phage life cycle. Although the 

function of BREX resembles R-M systems, the methylation of bacterial 

genome in BREX is non-palindromic. In addition to this, the BREX 

system hinders phage replication without degrading the phage genome. 
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The inhibition of replication is not due to Abi as demonstrated in B. 

cereus and suggests that it employs alternative inhibitory mechanisms 

compared to R-M and Abi (Goldfarb et al., 2015). 

Abortive infection 

Abi systems allow phage infection to progress normally until a sudden 

arrest in phage development occurs, killing both phage and host e.g. Rex 

is a two-component system present in -lysogenic E. coli strains, which 

requires the activation of both RexA and RexB proteins to arrest phage 

infection. Following the activation of RexA by the formation of a DNA-

protein complex, RexB triggers a decrease in membrane potential 

depleting the intracellular ATP concentration, arresting phage 

development (Hyman and Abedon, 2010). Toxin-antitoxin systems in 

bacteria have recently been shown to have Abi function.  Upon infection 

by T7, the Gp4.5 protein inactivates the E. coli protease Lon disturbing 

the balance between toxin production and antitoxin systems, culminating 

in the death of both phage and host (Samson et al., 2013). 

CRISPR  

First described in 1987, CRISPR and CRISPR-associated cas genes are 

an adaptive resistance system of prokaryotes which has been found in 

approximately 40% of bacteria and 90% of Archaea which provides 

immunity to phages (Horvath and Barrangou, 2010). Initially used for 

bacterial typing, a CRISPR locus can be highly variable and contains 21-

48 bp direct repeats interspaced by 26-72 bp segments of acquired phage 

genomes, flanked by 4-20 cas genes while the cas genes encode a 

complex of heterologous proteins of varying function ranging from 

nucleases, to polynucleotide-binding functional domains. CRISPR-Cas 

systems function in three stages; adaptation, biogenesis of CRISPR RNA 

(crRNA) and interference. In the adaptation stage, spacers are acquired 

from phage DNA proto-spacer sequences during infection. Then during 

biogenesis, the CRISPR locus is transcribed and pre-crRNA transcripts 

produced. In the final stage, a complex of crRNA and Cas proteins 

recognize and cleave phage DNA (Samson et al., 2013). Analysis of 

Strep. thermophilus mutants that have survived phage infection have 

shown the acquisition of one or more new repeat-spacer units at the 5' 
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end of their CRISPR locus.  These new sequences were shown to be 

identical to the proto-spacer region of the infecting phage (Samson et al., 

2013, Barrangou and Marraffini, 2014).  

Bacterial persistence 

Although 99% of bacterial cells exist as normal variants capable of 

normal growth, approximately 1% exists as non-growing persister cells, a 

phenotypic variant that pre-exists in the population or has developed from 

exposure to antibacterials. The precise mechanism by which persister 

cells survive antibacterial treatment is unknown. However, it has been 

suggested that they are in a dormant state upon exposure or that they are 

able to adapt very fast to the stress caused by exposure to antibacterial 

agents (Balaban et al., 2004, Keren et al., 2004). It has been demonstrated 

in E. coli that about 5% of the genes in persisters exhibited a substantial 

difference in expression level, in which energy production and flagella 

genes are down regulated and dormancy associated genes are upregulated 

(Shah et al., 2006).   

1.3.2 Phage strategies to overcome bacterial defence  

In response to the development of bacterial resistance mechanisms, 

phages have also developed a number of counter-resistance mechanisms 

to allow them to replicate. Although a number of these mechanisms have 

been identified and will be discussed briefly, the evasion of bacterial 

resistance by phages represents an understudied area.  

These mechanisms mostly include gene-specific point mutations, 

genomic exchange and the rearrangement of the genome in order to 

acquire new features. The mutation and recombination of phage genomes 

can lead to the recognition of different bacterial surface receptors and 

may overcome receptor mutations in bacteria (Samson et al., 2013) e.g. 

Bordetella phages introduce nucleotide substitutions in the variable 

region of the gene (mtd) which its product mediates identification of the 

bacterial receptor (Labrie et al., 2010). When production of LamB, the 

usual receptor of Phage  is decreased by E. coli host, the phage can 

modify its receptor binding protein to adsorb to a new receptor, OmF 

(Samson et al., 2013).  
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As previously discussed, the production of EPS can act as a physical 

barrier between bacteria and phages reducing the rate of infection.  In 

order to overcome this barrier, some phages (e.g. T4) possess 

polysaccharide depolymerases as part of their tail structures. In addition, 

some phages (e.g. Pseudomonas phage GH4) can induce bacterial 

enzymes that breakdown extracellular polymers (Harper et al., 2014).  

Some phages produce anti-CRISPR proteins, which interfere with the 

formation of the crRNA-cas complex and inhibit the action of CRISPR-

cas systems. This protein is packed in the head of the phage and injected 

along with the phage DNA into the cell. Phages can also overcome the 

CRISPR-cas system by introducing point mutations in the proto-spacer 

region of their genome which prevents the identification and degradation 

of the genome (Pawluk et al., 2014, Bondy-Denomy et al., 2015).  

One way for phage DNA to survive degradation is to be methylated by 

bacterial methylase before recognition by the R-M system. Phage 

progenies can inherit this methylation and remain insensitive until 

exposure to a different R-M system.  The loss of endonuclease 

recognition sites, as the result of mutation, is one of the strategies phages 

employ to survive restriction endonuclease degradation. Phage T4 has a 

modified genome that is unrecognisable by the host. Therefore, the host 

R-M system is unable to recognise the phage genome. T7 phage encodes 

an inhibitor protein that binds to restriction enzymes and inhibits their 

activity immediately after its genome enters the cell (Bickle and Kruger, 

1993, Labrie et al., 2010).  

1.4 Phage therapy 

After demonstrating the in vivo efficacy of a single dose of a phage 

preparation in treating Shigella induced dysentery in 1915, d’Herelle 

produced five commercialised phage products through the France based 

company, L’Oreal. Production of phage therapeutics continued at Eli 

Lilly (Based in USA) during the 1940s where seven phage preparations 

were commercially produced (Sulakvelidze et al., 2001). Following the 

discovery of penicillin by Fleming in 1928 and subsequent demonstration 

of efficacy and safety in 1940, penicillin was widely adopted to treat a 

variety of bacterial infections and led to the “golden age” of antibiotics, 
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in which new antibiotics could be identified, characterised and produced 

relatively cheaply as resistance developed.  The ease, relative low cost 

and broad spectrum efficacy of antibiotics contributed to the confinement 

of phage therapy to a number of Eastern European countries, most 

notably Georgia and Poland (Zaffiri et al., 2012).  

1.4.1 The new age of phage therapy 

Although research into the therapeutic application of phages has 

significantly increased in the past decade, there are currently still no 

phage based therapeutics available for human use. In order to gain 

approval for human use by regulatory agencies such as the European 

Medicines Agency (EMA) and American Food and Drug Administration 

(FDA) not only requires the demonstration of safety and efficacy in vitro 

but also the successful completion of large-scale clinical trials. However, 

there is still only a small amount of publicly available clinical trial data 

for phage therapeutics (Parracho et al., 2012).  

A controlled phase I/II clinical trial to treat chronic otitis, infected by 

drug resistant P. aeruginosa, is one such example of a successful phage 

application. In the study, 24 patients with chronic otitis were divided into 

two groups and treated with a single dose (presumably via topical 

application) of a phage preparation 6x10
5
 phages or a placebo. Forty two 

days after treatment, the phage-treated group showed a significant 

improvement in their clinical indicators compared to those given the 

placebo (Wright et al., 2009).  

A phase I safety trial of a phage cocktail against three infecting pathogens 

(E. coli, P. aeruginosa and Staph. aureus) of chronic venous ulcers 

showed no side effect on patients. The trial was conducted with 39 

patients who were treated topically for 12 weeks with a phage cocktail 

while the control group received saline. Patients were monitored for 

adverse effects until week 24. No significant difference between the 

treatment and control groups were observed for either the rate of wound 

healing or for adverse side effects (Rhoads et al., 2009).  

In the first of two safety trials funded by Nestle, 15 healthy individuals 

were given an oral dose of T4-like phages at one of two concentrations 

(approx. 10
5
 PFU and 10

7
 PFU per dose) or a placebo. Although phages 
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were recovered a day after exposure in the faeces of the volunteers, no 

adverse effects were observed. The second Nestle trial administered a 

higher concentration oral dose of a cocktail containing 9 T4-like phages 

(3x10
7
 PFU and 3x10

9
 PFU per dose) or placebo to 15 healthy 

Bangladeshi adults (m/f aged between 22 to 40). Phages were recovered 

from 64% of the patients’ faeces who received 3x10
9
 phages in contrast 

to 30% of the patients who received the lower concentration. No adverse 

effects were observed in either group (Bruttin and Brussow, 2005, Sarker 

et al., 2012).  

In a safety trial, a total of 120 ml of a Russian-ColiProteuos cocktail 

(Microgen pharmaceutical) was given orally over the course of two days 

to 5 healthy adults. Ten children (<10 years old) were given 60 ml. The 

concentration of coliphages in the cocktail was estimated to be 7x10
6
 

PFU/ml while the concentration of Proteus phages was unknown. During 

the trial, subjects randomly received two different doses of phage 

cocktails (high concentration and ten times lower concentration) and a 

placebo. By the conclusion of the trial, no adverse effects that could be 

attributed to the administration of the cocktail were observed (McCallin 

et al., 2013).   

Phage companies and products  

The renewed interest for the use of phages as antibacterial agents has 

seen an increase in the number of commercial companies (Table 1) who 

are actively researching and developing phage based products (Abedon, 

2015) and has led to the release of a number of commercially available 

phage products for use in food and agriculture such as ListShield and 

LISTEX which target Listeria monocytogenes and EcoShield, which 

reduces contamination of E. coli O157:H7 (Thiel, 2004). Today, phage 

preparations are in use for decontamination of food plants, meat, poultry 

products and cheese in the USA (Pirnay et al., 2011).  
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Table 1.  A selection of commercial companies and therapy centres active in 

phage research and development (Abedon, 2015)  

 

 

 

 

Phage therapy (R&D) 

AmpliPhi Biosciences United States 

Enbiotix United States 

Fixed phage United Kingdom 

InnoPhage Portugal 

Intralytix United States 

Novolytics United Kingdom 

Pherecydes Pharma France 

Sarum Biosciences United Kingdom 

Technophage Portugal 

Treatment 

Center for Phage Therapy Poland 

Eliava Phage Therapy Center  Georgia 

Novomed Georgia 

Phage Therapy Center Georgia 

Phage International United States 

Biocontrol 

APS Biocontrol United Kingdom 

Epibiome  United States 

Intralytix United States 

Micreos Food Safety Netherlands 

Omnilytics United States 

Phage Biotech Israel 

Phagelux China 
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Engineered phage and phage-derived products 

Although many of the commercially available phage products are based 

on the use of lytic phage cocktails, the development of passive medicines, 

such as those based upon phage-derived products (e.g. lysins) or 

engineered phages may present additional opportunities for the treatment 

of bacterial infections.  

Phage-derived products 

Phage-derived products, such as endolysins, are produced by phages 

during the latter stages of replication to lyse bacteria and have been 

shown to have significant antibacterial activity (Fischetti, 2008). 

Endolysins have shown to possess the greatest activity against gram-

positive bacteria and function via the degradation of peptidoglycan in the 

bacterial cell wall. These phage enzymes can be produced via 

recombinant protein production. The rapid increase of sequenced phage 

genomes in public databases has allowed many of these phage-derived 

enzymes to be produced and tested against a variety of pathogenic 

bacteria e.g., L. monocytogenes, Strep. pneumoniae and Staph. aureus 

(O'Flaherty et al., 2009, Fischetti, 2010).  

Despite the reported high level of activity against gram-positive bacteria, 

endolysins exhibit modest levels of activity against gram-negative 

bacteria, due to the difference in cell wall composition. In order to 

compensate for this, endolysins have been engineered to include peptides 

that destabilize lipopolysaccharide and permeabilize the outer membrane 

of gram-negatives. These engineered endolysins are called Artilysins 

have shown high efficacy against gram-negative bacteria (Briers et al., 

2014).  

In addition to their novelty, phage derived products possess more 

conventional pharmacology that is less complex compared to the use of 

lytic phages. Although phage derived products may possess a shorter 

half-life compared to antibiotics, in addition they could still illicit 

immune responses, which may further decrease their activity (Briers et 

al., 2014, Fischetti, 2010). 
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Phages as delivery systems 

The use of phages as vehicles to deliver therapeutically relevant genes 

presents an interesting opportunity to use genetically modified (GM) 

phages in a therapeutic context. Phages can be manipulated to carry genes 

that interfere with the genetic network of bacteria to re-establish 

sensitivity to antibiotics in multi-resistant bacteria through three main 

mechanisms: i) re-installation of wild-type enzymes that are susceptible 

to antibiotics ii) through impairing the SOS response or iii) DNA repair 

(Citorik et al., 2014). In addition, phages can be modified to deliver 

antibacterial agents such as small acid-soluble spore proteins (SASP) to 

multi-resistant bacteria. SASP will bind to the bacterial genome and 

inactivate it so that the target bacteria will be killed in a very specific 

manner, which does not affect the microflora (Fairhead, 2009).  

Lysis deficient phages 

Lysis deficient phages (LyD) are engineered to infect and kill bacteria 

without the release of progenies. When lysis competent phages are 

employed, a variable number of phage progenies will be released by the 

end of the lytic cycle, this number will grow exponentially as the 

infection progresses. However, the repeated lysis of bacterial cells and 

subsequent release of bacterial debris, coupled with the production of 

high numbers of progeny phages, may induce on immune response.  The 

administration of LyD phages has been shown to be highly efficient in 

killing the target bacteria in vivo and reduces the release of endotoxin by 

multi-resistant E. coli.  This approach would require multiple doses in 

order to successfully treat an infection (Westwater et al., 2003, Matsuda 

et al., 2005). 

1.4.2 Advantages and disadvantages of phage therapy  

Phage therapy presents a number of general advantages when compared 

to conventional antibiotic therapy (e.g. they work where antibiotics fail, 

phages are cheap compared to antibiotics and they are environmental 

friendly). The advantages and disadvantages of phage therapy can be 

loosely broken into six different categories: i) specificity ii) dosing iii) 

resistance iv) toxicity v) phage selection and vi) patenting and regulatory 

issues.   
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Specificity 

Unlike broad-spectrum antibiotics which can cause superinfections (e.g. 

C. difficile colitis), phages minimize damage to normal flora through their 

limited host range (Loc-Carrillo and Abedon, 2011). However, this high 

degree of specificity is also a disadvantage when there is an urgent need 

for treatment and the source of infection is unclear.  This could be 

addressed through the application of multi-phage cocktails (Nilsson, 

2014).  

Dosing 

Due to the self-replicative nature of phages, phage therapeutics can be 

used as active medicines, in which a single phage dose in a relatively 

high concentration of bacteria could sustain the propagation of the phage. 

This self-sustaining capability may also reduce the impact of immune 

clearance and the poor diffusion of phages (Brussow, 2012, Nilsson, 

2014).  

Resistance 

Resistance to phages is neither global nor transferrable when compared to 

antibiotics, i.e. bacterial phage resistance is generally confined to a single 

phage. Even though bacteria eventually develop resistance to phage 

infection, the isolation of a new phage is relatively fast and cheap 

compared to the discovery of a new antibiotic (Sulakvelidze et al., 2001, 

Summers, 2001, Bruttin and Brussow, 2005).  

Toxicity 

Although commonly believed to be non-immunogenic and non-toxic, 

phages can potentially be toxic to humans. The presence of bacterial 

endotoxins that are present as part of the phage preparation, or that are 

released as part of lytic replication, may result in septic shock.  As such, 

it is highly important that all phages are wholly characterised prior to use 

and the endotoxin content minimized (Loc-Carrillo and Abedon, 2011, 

Hodyra-Stefaniak et al., 2015). Although the immunogenic nature of 

phages will also play a role in any patient derived immune response, this 

will be discussed in detail elsewhere. 
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Phage selection 

As previously discussed in section 1.2.3, tailed phages primarily use one 

of two main lifecycles, the virulent or the temperate. Despite the potential 

for using temperate phages as gene delivery vehicles, temperate phages 

are not suitable for “classical” phage therapy and best avoided. This is 

due to the potential for the transfer of virulence elements such as toxins 

(e.g. stx in E. coli or ctxAB in Vibro) or the ability of temperate phages to 

mediate resistance to other phages from the same immunity group (Loc-

Carrillo and Abedon, 2011, Gill and Hyman, 2010). 

Patenting and regulatory issues 

Phage therapy has been practiced in Eastern Europe for almost a century 

despite the availability of antibiotics. Although there is a resurgent 

interest for phage therapy in the West, gaining approval from Western 

regulatory agencies such as the FDA and EMA proves to be illusive. This 

lack of approval may be in part due to the dissimilar nature of phage 

therapeutics and conventional drugs meaning that routine clinical trials 

procedures are potentially unsuitable (Parracho et al., 2012). However, 

while scientific concerns will play some role it is equally as probable that 

financial considerations act as a motivator for the slow development of 

phage therapeutics.  This is particularly true in the case of big 

pharmaceutical companies, where intellectual property protection plays 

an important role in the cost benefit analysis of drug development. A 

phage preparation can be patented if genetically engineered to become 

unique. However, the approval process for genetically modified 

organisms is more complex than that of ordinary drugs (Pirnay et al., 

2011, Nilsson, 2014). 

 1.5 The pharmacology of phages 

As previously discussed in section 1.4.2, the specificity of phages is a 

double edged sword as the use of single phages may reduce efficiency 

due to the development of resistance. In order to compensate for this, 

phages are often combined into cocktails that contain two or more 

individual phages (Pirnay et al., 2011, Nilsson, 2014). In order to select 

the most effective phages for the cocktail, individual phages are 
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characterized on the basis of multiple virulence characteristics (e.g. host 

range, latency period, and burst size).  

1.5.1 Selection of therapeutic phages 

As previously discussed, the careful selection of phages is essential to 

develop effective phage therapeutics. Although it is commonly believed 

that strictly lytic (section 1.4.2) phages should be selected on the basis of 

optimal growth parameters (e.g. high adsorption rate, wide host range, 

short latent period and big burst size), it is still unclear how important 

individual phage properties are to produce an efficient therapy (Gill and 

Hyman, 2010). Despite the ability to characterise these properties in vitro 

and thus predict an efficacy level for the treatment, other factors (e.g. 

phage immunogenicity) are likely to play a more important role in vivo 

and as such may require extensive characterisation prior to formulation 

(Bull and Gill, 2014).  

1.5.2 Determination of host range 

Despite the importance of host range analysis for selecting phage cocktail 

candidates, there is no standard method for determining the host range of 

phages.  This lack of standard methodology could play an important role 

in the high degree of variability that currently exists in phage therapy 

research. There are three popular methods for determining the host range 

of phages: i) spot tests ii) the efficiency of plating (EOP) and iii) the 

efficiency of centre of infection (ECOI).  

When assessed with a spot test, the activity of the phage against a 

particular bacterial strain is assessed on the ability to form plaques at 

single or multiple phage concentrations.  Although less labour intensive, 

and able to assess multiple phages per assay than the other methods 

described, the spot test produces wholly qualitative data, despite attempts 

to quantify the level of plaque formation (Kutter, 2009). The assay itself 

is also susceptible to other factors that could contribute towards improper 

results.  False positive results can be obtained due to non-productive 

bacterial lysis, also known as “lysis from without” should the multiplicity 

of infection between phage and host become too great (>100:1) (Kutter, 

2009, Khan Mirzaei and Nilsson, 2015).  
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The determination of host range via EOP provides more quantitative data 

and measures the productive infection of phages rather than their 

bactericidal effect. In this method, the number of plaques produced on a 

non-host strain is compared to the number of plaques produced by the 

original host. This method reduces the contribution of phenomena such as 

lysis from without and the non-productive bacterial lysis to the overall 

data. However, the method is labour intensive and time consuming 

compared to the spot test (Khan Mirzaei and Nilsson, 2015).  

The Efficiency of centre of infection method differs from the EOP by 

removing the free phages with anti-phage serum, followed by 

centrifugation to pellet the infected bacterial cells. The infected bacteria 

are grown to the end of the phages latency period and plated before cell 

lysis. The number of plaques are counted and compared with the titration 

of the phage on the original host (Adams, 1959). The removal of infected 

cells allows for the efficiency of lysing to be analysed by the 

measurement of the progenies infectivity. 

1.5.3 Growth parameters  

Three phage growth parameters are widely used to characterise phages, 

these are the latency period (the interval between phage genome entry 

and production of phage particles), the burst size (the number of 

progenies produced from each infected phage; fig.4) and the adsorption 

rate (the likelihood of phages to adsorb to their host over a defined time-

period) (Gill and Hyman, 2010, Hyman and Abedon, 2009).  

Phage growth parameters are important for phage infection dynamics and 

efficacy i.e., based on in vitro studies a fast growing phage produce better 

bacterial kill (Gill and Hyman, 2010). The burst size and latency period 

of phages are often measured by the single step growth curve analysis 

(fig. 4), while the adsorption test is used to determine the adsorption rate. 

As these parameters are phage specific, every phage should be studied 

under identical conditions to minimize the variation that would occur 

under different experimental scenarios (Hyman and Abedon, 2009).  
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Figure 4. Generalised single step growth curve for a lytic phage showing 

different life cycle stages. The curly brackets delineate latent period (time 

between phage infection and burst) and burst size (the number of progenies per 

phage). 

1.5.4 Phage cocktails  

Ideally comprised of highly active phages, a cocktail (2 or more phages), 

may offset the development of resistance and compensate for deficiencies 

exhibited by the individual phages. The selection of individual phages is 

often based on host range and latency period (1.5.3). However, the 

selection of phages that bind to different bacterial surface receptors also 

decreases the risk of resistance developing.  

Although phage cocktails consist of multiple phages, they can be further 

divided based upon their manufacturing time i.e. either pre-made or 

custom made. In pre-made cocktails, phages are isolated, mixed and 

released to the market, where composition of the cocktail is based on 

clinically prevalent strains. Since pre-made cocktails are based on a fixed 

composition, they are unable to compensate for the development of 

resistance to individual phages and consequently will suffer the same fate 

as antibiotics. Although this may be tackled by the initial inclusion of 

more phages to the cocktail (e.g. >50), it would complicate the cocktail’s 

pharmacology further and also increase the cost of manufacturing.  
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In custom-made cocktails, the optimal phage cocktail is selected from a 

pre-existing library against the specific strain that is infecting a patient. 

However, while this approach would provide a more flexible therapy that 

utilises less complex cocktails, gaining regulatory approval for such a 

strategy would prove problematic due to the variation in composition 

(Pirnay et al., 2011, Chan et al., 2013). 

1.5.5 Pharmacodynamics and pharmacokinetics  

Despite the belief by the uninitiated that phage therapy is a “magic 

bullet” treatment, in which the active replication cycle will sustain the 

number of phages until no further hosts are available (Levin and Bull, 

2004, Nilsson, 2014), the reality is far more complex and poorly 

understood.  In order to develop safe effective phage therapies, special 

consideration should be given to their unique and intertwining 

pharmacodynamics (PD; the effect of the drug on the target) and 

pharmacokinetics (PK; changes in drug property within the body) 

properties (Ambrose et al., 2007). When compared to antibiotics, which 

only change by the addition of multiple doses or are lost by washout to a 

system, phages actively reproduce in the presence of a suitable host 

(Levin and Bull, 2004, Nilsson, 2014). 

The pharmacodynamics of single phage and cocktail administration will 

produce markedly different treatment outcomes. Despite the obvious 

advantages of creating phage cocktails, co-infection of phages comes at a 

virulence and fitness cost due to anti-competition mechanisms. Earlier 

studies on the efficacy of simultaneous addition of multiple phages (T4 

and T7) against a single host, reduced the frequency of co-infection by as 

much as 50%, with T4 becoming the dominant phage. This reduced 

efficacy may not only be in part due to competition for binding sites, but 

also may be due to the production of anti-competition  proteins by T4 

(Chan, 2013, Nguyen, 2014). It may also be due to the shortened latency 

period of the “fast” phage (Refardt, 2011, Brewster, 2012) 

A second limiting factor, which impacts not only the dynamics but also 

the kinetics of phage therapy, is the administration of the first dose.  

Although preparations can be made which contain high phage 

concentrations (up to 10
13

/ml), it is highly improbable that this 
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concentration would reach the site of infection following application due 

to neutralisation by the immune system and other factors (Nilsson, 2014). 

The limitations on the concentration of phage cocktails also extend to the 

concentrations of individual phages, which will be reduced potentially 

reducing overall efficacy.   

The role of the immune system in phage therapy is also not to be 

underestimated, although phage therapeutics are commonly believed to 

be non-toxigenic and non-immunogenic (Adams 1959), low titres of pre-

existing anti-phage antibodies have been shown to exist as a consequence 

of environmental exposure (Dabrowska et al., 2005) and these low levels 

of circulating antibodies may prime the immune system.  However, a 

number of studies have shown that phage preparations induce both short 

term pro-inflammatory responses and longer term antibody driven 

immunity. While this immunogenicity may be an artefact of the 

preparative process in which bacterial debris is not removed effectively, it 

has recently been shown that the Hoc (head) and gp12 (tail spike) 

proteins of T4 play key roles in the long term immune response of mice 

(Majewska et al., 2015) and that short term exposure can result in the 

release of pro-inflammatory cytokines and maturation of dendritic cells 

(An et al., 2014). This suggests that the protein composition of individual 

phages is important in the level and type of immune response generated. 

1.5.6 In silico modelling  

Mathematical models have been commonly used in the formulation and 

development of a variety of drugs including antibiotics. However, the 

investigation of phage pharmacology is more complicated due to their 

differences in size and diffusion and as such the current models may not 

be representative of in vivo dynamics and phage-bacterial population 

(Bull and Gill, 2014). Compared to the deterministic models that are 

widely used to study the pharmacology of antibiotics, stochastic models 

(which allow for the random variation of inputs) would be more 

compatible for the study of phage pharmacodynamics. In deterministic 

models, the phage parameters are fixed and the bacterial concentration 

decreases when the phage grows. However, the impact of fast replication 

on the overall treatment efficacy remains to be understood in a 

meaningful manner as other variables (particularly phage adsorption) 
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may allow for the maintenance of a high bacterial number while the 

phage infection continues.  

In silico models attempt to simplify complex interactions among 

interdependent variables by identifying and controlling the most 

important parameters within real phenomena (Abedon and Thomas-

Abedon, 2010, Chan and Abedon, 2012). Model predictions are more 

qualitative than quantitative and may be used to investigate the impact of 

different factors on successful phage infection prior to in vivo 

experiments. In silico models are also less labour intensive and cheaper 

compared to in vitro and in vivo models. However, due to their nature in 

silico models might have difficulty representing in vitro experiments and 

are severely limited for predicting in vivo phenomena (Bull and Gill, 

2014).  
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2 Aims 

This thesis sought to investigate the efficacy of phage therapy against 

multi-drug resistant E. coli through the study of multiple important 

aspects. 

To meet the general purpose of the thesis four independent studies have 

been designed with the following aims: 

1) Isolate, characterize and assess the host range of lytic coli phages 

using multiple strains of E. coli using two different methods 

(Paper I).  

2) Investigate the mechanisms underpinning the rare morphology of 

SU10 using descriptive genomic and proteomic analyses. In 

addition, the evolutionary roots of SU10 will be investigated 

using phylogenetic analysis (Paper II).  

3) Study four structurally distinct phages and assess their 

immunostimulatory capability in the presence of two human cell 

types (immortalised intestinal epithelial cells and donor derived 

blood mononuclear cells). The ability of phages to maintain lytic 

efficacy and proliferate in the presence of human cells and 

suitable bacterial hosts was also studied (Paper III).   

4) Investigate the infection dynamics of an experimental two-phage 

cocktail against a single bacterial host in silico and in vitro. In 

addition, the optimisation of dosing strategies and their impact on 

overall treatment efficacy was also investigated (Paper IV).  
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3 Results and discussion  

3.1 Paper I 

Isolation of phages for phage therapy: A comparison of spot tests and 

efficiency of plating analyses for determination of host range and 

efficacy 

In this study, 72 strains from the E. coli standard collection (ECOR) were 

used to isolate 30 virulent phages from wastewater samples. Following 

isolation, phages were assessed on the basis of their host range on the 

ECOR collection.  Of the 30 original phages, the 6 most polyvalent 

phages were further studied and their morphology, host range, latency 

period and burst size determined. The host ranges of these six phages 

were determined on three standard reference collections of bacteria, 

ECOR (72 strains), Salmonella reference collections, SARA (72 strains), 

SARB (70 strains) and one ESBL- carrying E. coli collection (20 strains) 

by both the spot test assay and efficiency of plating (EOP) analysis. The 

EOP of the phages was categorized into one of three different classes 

(High, Medium and Low). The 6 selected phages were able to lyse >30% 

of ESBL producing E. coli with a high efficiency according to the EOP 

classification. When compared, it was found that the spot test analysis of 

phages host range and the EOP analysis did not correlate, with the spot 

test analysis often overestimating the host range of phages. Based on the 

current study, phages with strong virulence characteristics (short latency 

period and big burst size) exhibited a narrower host range. The highest 

EOP/spot test ratio was found in SU10 indicating the broadest host range. 

Despite the importance of host range analysis for selecting therapeutically 

relevant phages, there is currently no standardised method. As this paper 

has demonstrated, different methods often introduce result variability 

which could have a potentially significant impact when selecting phages 

to be combined into cocktails. The presence of prophages within bacterial 

genomes may provide immunity to superinfection by closely related 

phages, but may also contain genes that confer resistance to non-related 

phages but this needs further investigation.  
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3.2 Paper II 

Genomic, proteomic, morphological, and phylogenetic analyses of 

vB_EcoP_SU10, a Podoviridae phage with C3 morphology  

vB_EcoP_SU10 (SU10) was isolated as part of the work described in 

Paper I. Initial characterisation showed that SU10 is a Podoviridae 

possessing a rare C3 morphology and a genome of 77,327 bp. C3 

morphotype phages are very rare and the isolated phage is one of six C3 

phages studied on a genomic level and one of the four that has been 

isolated and studied phenotypically. This study also represents the first 

time in which the phylogeny of the currently available C3 phages has 

been studied.     

Although highly similar to phiEco32, ultra-thin section micrographs 

showed that the tail of SU10 is longer prior to infection (approx. 41 nm) 

suggesting that SU10 may possess a contractile tail. SU10 heads are 

elongated prior to DNA package and form a honeycomb structure during 

DNA packing, a structure that is rarely seen during phage assembly and is 

believed to be unrelated to genome size.  

When compared to the whole genomes of other C3 morphotype phages, 

SU10 is highly similar to phiEco32 (85.2%) and NJ01 (80.7%) with most  

differences confined to tail fibre regions. However, the level of similarity 

decreases to 29% for 7-11 and GAP52. Of the 125 ORFs in the SU10 

genome, 38 proteins with known function are encoded for, of which 22 

were identified using mass spectrometry based proteomics.  

Phylogenetic analysis revealed the co-evolution of the major head and 

scaffolding proteins, suggesting that the attachment of the scaffolding 

protein is not a recent event. It also suggests that C1 and C3 morphotypes 

diverged approximately 280 million years ago, coinciding with the 

evolution of gut flora in terrestrial tetrapod and possibly when 

Pseudomonadaceae and Enterobacteriaceae become separated.  
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3.3 Paper III 

Immunogenic profiling of structurally distinct bacteriophages and 

human cell interactions  

Commonly believed to be non-immunogenic and non-toxicgenic, 

concerns persist over the ability of phages to illicit immune responses in 

vivo and their safety as therapeutic agents. Although immunogenic 

studies of well characterised phages such as T4 have previously been 

performed, the high variation amongst phages means that the 

immunogenic profile of a single phage cannot be extrapolated. In paper 

III the immunogenicity and cytokine inducing capacity of four different 

phages was investigated in peripheral blood mononuclear cell (PBMCs), 

Caco-2 and HT-29 cells (immortalized intestinal epithelial cells) using 

standard immunological techniques.   

When applied at a high concentration (10
9
/well), phages could induce 

inflammatory responses, in both PBMCs and HT-29 cells, that varied in 

intensity. SU57 and SU63 exhibited the highest immunogenicity while 

SU32 did not significantly induce a response in PBMCs. In the presence 

of cells, phages were able to maintain a high level of killing efficiency (2-

4 log10 reduction in bacterial number) and actively reproduce (2 log10 

increase in phage titre compared to the initial inoculation) when in the 

presence of cells and ESBL producing E. coli. Although poorly 

understood and poorly studied, the interaction of phages with components 

of the immune system is likely to play an important role in the future 

development of phage therapeutics due to the unique immunogenic 

profile of each phage.  
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3.4 Paper IV 

Infection Dynamics within a Two Phage One Bacterium System: 

Implications for Therapy 

Often used to predict the outcomes of in vitro experiments, in silico 

modelling is widely used in the study of antibiotic activity and the 

development of resistance. Traditionally in silico models have been 

applied to investigate single phage/host interactions rather than 

developing dosing strategies and determining the dynamics between 

cocktails of phages.  

 

In paper IV, a mathematical model (fig. 5) was developed to predict the 

infection dynamics and treatment outcomes of an experimental phage 

cocktail that contained the two most distinct phages from paper I. SU10, 

a Podoviridae, possessed the longest latency period (47 minutes) and 

SU57, a Siphoviridae, possessed the shortest latency period (17 minutes). 

The dynamics of these two phages were studied on a common host in 

continuous culture and the outcomes of various treatment scenarios 

determined. Treatment scenarios were designed according to the 

preliminary analysis of the model and particular consideration was given 

to the latency period and burst size of the phages. The model and 

experimental systems produced conflicting results, with the model 

suggesting that the simultaneous addition of both phages produced the 

best treatment outcome, while the experimental system showed that a 

delay of 10-20 minutes between the additions of each phage component 

produced the highest level of bactericidal activity (3.5 log10).   

 

Limitations within the in silico model may account for some of the 

disparity in the results. In the in silico model, treatment outcomes are 

driven by the virulence characteristics of each phage (e.g. latency period 

and burst size) but do not account for discrete variables which are unable 

to be quantified such as non-productive phage infection and the 

interaction of phages with bacterial debris. The development of more 

complex models that can account for discrete variables may enable the 

selection of more effective phages for cocktail development.  
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Figure 5. Schematic representation of the mathematical model. 
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4 Concluding remarks and future perspective  

In order to develop successful phage based therapeutics, it is necessary to 

understand the complex biology of phages as well as the unique 

relationship between phages and their hosts. This thesis has isolated and 

characterised novel phages against drug-resistant E. coli and investigated 

biological and applied aspects that will be important in the development 

of phage therapeutics. In order to ease analysis, the papers presented in 

this thesis have been broken into two broad topics: phage therapy and 

phage biology.  

4.1 Phage therapy 

Paper I 

The isolation of 30 virulent phages from wastewater demonstrated the 

relative ease by which phages can be isolated from environmental 

samples and is one of the advantages of phage therapy. In addition, 

phages which were isolated using non-pathogenic E. coli strains as hosts 

showed activity against ESBL E. coli.   

The determination of the host range of phages is amongst the most 

important characteristics of a phage to determine and has profound 

impacts on subsequent analysis. There is currently no standard method 

for assessing this and according to paper I, variability can be introduced 

by the choice of method. The lack of correlation between the spot test 

analysis and EOP analysis shows that the spot assay generally 

overestimates host range of phages and fails to assess the lysing 

efficiency of phages. Although the determination of host range by EOP 

provides more quantitative data it is infrequently used due to the labour 

intensiveness of the method.   

In addition, the study suggests that P2-like prophages which are present 

in 30% of the ECOR bacterial strains may result in the low lysing 

efficiency of phages on those strains. This highlights the need for a better 

understanding of the role of prophages in providing bacterial resistance to 

secondary infection by phages. This data could be obtained from the 

analysis of gene expression patterns from various prophage containing 
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bacterial strains upon infection with different phages using qPCR and 

transcriptomics.  

Paper III  

The paper has analysed the cytokine response to 4 structurally different 

phages and has demonstrated that phages differ in their immunogenicity. 

Although a number of previous studies have investigated the 

immunogenicity of well characterised phages (particularly T4) and shown 

how immunogenicity varies between phage proteins (Dabrowska et al., 

2014) this study has shown that immunogenic profiles cannot be 

extrapolated to include multiple phages and consequently all phages 

could activate the immune system.  

Despite their varying degrees of immunogenicity, phages were able to 

maintain their killing efficacy and proliferate in the presence of human 

cells and suitable bacterial hosts, with SU57 being the most active and 

SU10 the least. This highlights the differences in host-phage dynamics 

and elaborates the importance of PD/PK in relation to phage therapy.   

In order to develop more representative models, the transition to in vivo 

studies may increase sensitivity and data quality. However, while the 

study has tested the innate immune response to four distinct phages, their 

persistence under the neutralising effect of antibody should also be 

assessed. According to the study, phages with a concentration of 10
9
/well 

can inhibit the growth of human intestinal epithelial cells. The interaction 

between phages and human cells should be investigated to test for 

potential cell toxicity.  

Paper IV 

Due to the high levels of variation in virulence, diffusion and size, the 

pharmacodynamics and pharmacokinetics of phages are more complex 

than those found in conventional antibiotic treatment and as such their 

importance cannot be understated. In this study, two phages were chosen 

based on their virulence characteristics and morphplogy.  This study has 

shown that the efficacy of a two-phage cocktail could vary depending on 

the application of one phage component and highlighted a pressing need 

for further research into the dynamics of phage cocktails.  
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Differences in the virulence levels between individual phages requires the 

extensive study of phage pharmacology and demonstrates the critical 

need for more representative in silico models. Currently phage/host 

dynamic studies are based on deterministic models that cannot account 

for discrete variables and as such the use of stochastic or probabilistic 

models should be considered despite their increased complexity.  Ideally, 

future models would be able to predict potential treatment outcomes 

when confronted with polymicrobial situations in the presence of a 

complex immune system in order to be more representative of clinical 

infections.  

Although in vitro studies can provide a limited amount of information of 

the interplay between dynamics and kinetics, they are not representative 

of real world scenarios, and thus it may be better to progress directly to in 

vivo animal studies. The number of phages in the study will increase 

since most cocktails contain more than two phages, this expands the 

complexity of the formulation to a greater extent. Intra population 

variation in response to phage infection may exist based on the data 

although this needs further investigation. The differences in phage 

diffusion and adsorption rate should also be considered when studying 

the dynamics of phage cocktails. Ideally, phage-bacterial dynamics 

should be studied at a molecular level through the investigation of gene 

expression patterns within the infected bacterial host using high 

throughput methods such as RNA-seq and transcriptomics. Alternatively, 

phage-bacteria dynamics could be studied through the use of florescence 

microscopy at a single cell resolution. 

4.2 Phage biology 

Paper II 

Identified as part of the study performed in Paper I, SU10 is a rare C3 

morphotype phage and is one of only 4 such phages to be physically 

isolated. As previously published work has focused on the genomic 

analysis of C3 phages, paper II has shed some light on their morphology 

and evolution. The genome of SU10 is closely related to phiEco32 and 

NJ01 (>80% similarity) and possesses limited similarities to the 

remaining C3 phages. The scaffolding protein and major head protein in 
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C3 phages have co-evolved and diverged from their C1 counterparts 

approximately 280 million years ago. Based on our phylogenetic analysis 

the scaffolding protein has not been recently attached to the major head 

protein and plays no role in the elongation of the head in SU10 and other 

C3 phages.  

Paper II also revealed the presence of a rare honeycomb structure during 

the assembly of the SU10 head, which may act as an external scaffolding 

protein during maturation. The role of this unusual structure in the 

morphogenesis of C3 phages should be investigated, as approximately 

70% of genes in the SU10 are hypothetical proteins. These hypothetical 

proteins may include proteins that might contribute to the rare 

morphology of SU10 and play a role in the assembly of this honeycomb 

structure. Although not definitive, the apparent presence of an elongated 

tail in ultrathin section micrographs should be studied in greater detail. 

These could be achieved through mutagenic analysis of SU10’s genome 

and via the structural analysis of the tail changes upon infection. In 

addition, the mechanisms of underpinning the replication and genome 

assembly of C3 phages require further study.  
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