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Preface

Bacteriophages are widely used in food safety, agriculture, and different therapeutic
areas to fight multidrug-resistant pathogenic bacteria. This book introduces bacte-
riophage morphology and biology, ecology, use of bacteriophages in oral, superficial,
and systemic microbial diseases, tools in bacteriophage detection, and nanotechnology.
Written by bacteriophage experts from all over the world, chapters highlight the
theoretical and practical insights of this emerging field. This book is an essential
guide and useful resource for clinicians, microbiologists, bacteriophage researchers,
and dental and medical students.

I would like to thank the authors who contributed to this book. My wholehearted
thanks go to Author Service Manager Sara Gojevic-Zrnic and Intech Open, pioneers
in the field of medical and scientific publications, for taking up this work for
publication.

Dr. Sonia Bhonchal Bhardwaj

Senior Assistant Professor,

Department of Microbiology,

Dr. Harvansh Singh Judge Institute of Dental Science and Hospital,
Panjab University, Chandigarh, India
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Chapter1

Bacteriophages: The Good Side of
the Viruses

Igor Vinicius Pimentel Rodrigues,

Katia Regina Assungdo Borges,

Maria do Desterro Soares Branddo Nascimento
and Geusa Felipa de Barros Bezerra

Abstract

Bacteriophages or phages are bacterial viruses that are known to invade bacterial
cells and, in the case of the lytic phages, impair bacterial metabolism, causing them
to lyse. Since the discovery of these microorganisms by Felix d’Herelle, a French-
Canadian microbiologist who worked at Institut Pasteur in Paris, Bacteriophages
begin to be used in the treatment of human diseases, like dysentery and staphylo-
coccal skin disease. However, due to the controversial efficacy of phage prepara-
tions, and with the advent of antibiotics, commercial production of therapeutic
phage preparations ceased in most of the Western world. Nevertheless, phages
continued to be used as therapeutic agents (together with or instead of antibiotics)
in Eastern Europe and in the former Soviet Union. Therefore, there is a sufficient
body of data that incite the accomplishment of further studies in the field of phage
therapy.

Keywords: Bacteriophages, therapy, antimicrobial, viruses, phages

1. Introduction

The resistance of pathogenic bacteria to most, if not all, currently available
antimicrobial agents, has become a major problem in modern medicine, especially
because of the increased numbers of immunosuppressed patients. The concern that
humankind is approaching the “preantibiotics” era is becoming realer day by day,
and this scenario increases the demand for the development of new antibiotics that
can be used to treat these life-threatening diseases to human life [1].

Before the discovery and the wide spread use of antibiotics, it was suggested that
bacterial infections could be prevented and/or treated with the administration of
bacteriophages. Despite the fact that the clinical studies with bacteriophages were
discontinued in United States and Western Europe, phages continued to be utilized
in the former Soviet Union and in Eastern Europe. The results of the studies were
extensively published in non-English journals, and, therefore, were not available to
the western scientific community [1]. In this book chapter, we describe the history
of bacteriophage discovery, the first clinical studies with phages, the application of
phages in different bacterial diseases, the reason why its usage failed to prevail in
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the Western World, and last, but not less important, the future prospects of the use
of Bacteriophages as therapeutical agents in bacterial diseases.

1.1The discovery of bacteriophages and the first phage therapy research

Bacteriophages or phages are bacterial viruses that are known to invade bacterial
cells and, in the case of lytic phages, impair bacterial metabolism, causing them to
lyse. Since the discovery of bacteriophages, there has been a debate over claims for
who really first discovered these microrganisms. Ernest Hankin, a British bacteriolo-
gist, reported in 1896 an antimicrobial activity against Vibrio cholerae in samples
of water of Ganges and Jumna rivers in India, and he suggested that this phenom-
enon could be possible by the presence of an unidentified substance that passed
through the fine porcelain filters and was heat labile, limiting the spread of cholera
epidemics [2].

Two years later, the Russian bacteriologist Gamaleya observed a similar phe-
nomenon while working with another bacterial species: Bacillus subtilis [3]. Other
scientists also observed this event, but with other bacteria. However, none of them
further explored their findings until Frederick Twort, a medically trained bacte-
riologist from England, reintroduced the subject almost 20 years after Hankin’s
observation by reporting a similar phenomenon and hypothesizing that it may have
been due to, among other possibilities, a virus [4]. However, Twort did not continue
his research because of many reasons, including financial difficulties [4-6] and
only two years later, bacteriophages were “officially” discovered by Felix d’Herelle, a
French-Canadian microbiologist at the Institut Pasteur in Paris [1].

Unlike Hankin and Twort, d’Herelle had almost no doubt about the nature of
the observed phenomenon, and he proposed that it was caused by a virus capable
of parasitizing bacteria. He and his wife Marie, on 18 October 1916, then decided
to name this microorganism as “bacteriophage” [5]. The name derived from the
words “bacteria” and “phagein” (to eat or devour, in Greek), implying that phages
“eat” or “devour” bacteria. D’Herelle considered himself to be the discoverer of
bacteriophages, but he acknowledged that his discovery was different from Twort’s
discovery. Also, in contrast to Twort, d’Herelle carried on studies of bacteriophages
and strongly supported the idea that phages were live viruses — and not “enzymes”
as many of his fellow researchers thought. The fight for the priority ceased eventu-
ally and many scientists accepted the independent discovery of bacteriophages,
naming it as the “Twort-d’Herelle phenomenon” and later, the “bacteriophage
phenomenon” [1].

2. First studies of phage therapy

After his discovery, d’Herelle used phage to treat dysentery, representing
the first attempt to use bacteriophages to treat a bacterial disease. The study
was conducted at the Hospital des Enfants-Malades in Paris in 1919 [5] under
the supervision of Professor Victor-Henri Hutinel, the Hospital’s Chief of
Pediatrics. The phage preparation was ingested by d’Herelle, Hutinel and sev-
eral hospital interns in order to test its safety before its usage by humans, more
specifically, a 12-year-old-boy with severe dysentery. The patient’s symptoms
disappeared after a single administration of d’Herelle’s antidysentery phage,
and the boy fully recovered after a few days. The phage preparation proved
its “efficacy” shortly after, when three other patients presenting bacterial
dysentery that were treated with one dose of the preparation recovered within
24 hours of treatment [1].
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However, the results of these studies were not published and the first reported
application of phages used in the treatment of bacterial diseases happened only
in 1921 in a study performed by Richard Bruynoghe and Joseph Maisin [7], who
used bacteriophages to treat staphylococcal skin disease. The bacteriophages were
injected into and around surgically opened lesions and it was observed a regres-
sion of the infections within 24 to 48 hours. In view of these promising results,
several companies began commercial production of phages against various bacterial
pathogens [1].

2.1 Marketing of phages

D’Herelle’s commercial laboratory in Paris produced five phage preparations
against various bacterial infections: Bacte-coli-phage, Bacte-rhinophage, Bacte-
intesti-phage, Bacte-pyo-phage, Bacte-staphy-phage, and they were marketed by
what later would become the large French company L'Oreal [5]. The production of
therapeutic phages also began in the United States at that time. In the 1940s, the Eli
Lilly Company (Indianopolis, Ind.) produced seven phages for human use against
staphylococci, streptococci, Escherichia coli, and other bacterial pathogens, which
consisted of phage-lysed, bacteriologically sterile broth cultures of the targeted
bacteria (e.g., Colo-lysate, Ento-lysate, Neiso-lysate, and Staphylo-lysate) and
the same preparations in a water-soluble jelly base (e.g., Colo-iel, Ento-iel, and
Staphylo-jel). They were used to treat various infections, including abscesses, sup-
purating wounds, vaginitis, acute and chronic infections of the upper respiratory
tract and mastoid infections. However, due to its controversial efficacy, and with
the advent of antibiotics, commercial production of therapeutic phages ended in
most of the Western World [8, 9]. Even so, phages continued to be used therapeuti-
cally (together with or instead of antibiotics) in Eastern Europe and in the former
Soviet Union.

The institute, during its best times, employed approximately 1,200 researchers
and support personnel, resulting in a production of phages of several tons a day,
against a dozen bacterial pathogens, including Staphylococci, Pseudomonas, Proteus,
and many enteric pathogens [1].

The bacteriophage laboratory of the Institute then began to produce phages for
the treatment of many diseases, such as septicemia, furunculosis, and pulmonary
and urinary tract infections and for the prophylaxis or treatment of postoperative
and posttraumatic infections. In most of the cases, the phages were used against
multi-drug resistant bacteria that were refractory to the conventional treatment
with the majority of the antibiotics used in the clinical setting [10-16].

2.2 Experimental studies in animals

The first experimental studies that utilized animals in laboratories on the
treatment of bacterial diseases using bacteriophages came from the Laboratory of
William Smith and Smith and his colleagues [17-20] at the Institute for Animal
Disease Research in Houghton, Cambrigeshire, Great Britain. In one of their first
published papers, the authors reported the successful use of phages to treat E. coli in
vitro infections in mice. In the next studies, [18-20] the authors found that a single
dose of specific E coli phage reduced, by many orders of magnitude, the number
of targeted bacteria in the digestive tract of calves, lambs, and piglets previously
infected with a strain of E. coli that caused diarrhea. The treatment also ceased the
associated fluid loss, and all the animals that were treated with the bacteriophages
survived the bacterial infection. Furthermore, such positive results rekindled the
interest in phage therapy in the West World and stimulated other researchers to
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investigate the possibility of using phages on the treatment of bacterial diseases
caused by antibiotic resistant bacteria capable of causing human infections.

Another in vivo study performed by Soothill et al. [21] reported the importance
of the phages in preventing and treating diseases induced experimentally in mice
and guinea pigs infected with Pseudomonas aeruginosa and Acinetobacter, suggesting
that its usage might be efficacious in preventing infections of skin grafts used to
treat burn patients. However, it is uncertain if these “preclinical” studies preceded
human clinical trials. Indeed, although many human trials were preceded by at least
some in vitro studies using laboratory animals, the scientific literature regarding
this topic is scarce.

Since the history of the discovery of the bacteriophages and some pioneer
studies regarding this subject was already explored, the next section of this book
chapter will explore the lytic and lysogenic cycles of phages, mode of action of these
microrganisms when used in the therapy to treat bacterial diseases as well as some
specific advantages and disadvantages in such use in the clinical settings.

2.3 Lytic and lysogenic life cycles of phages

Recent publications have provided interesting evidence that questions the
notion that viruses are non-living organisms [22]. Erez et al., in their recent
publication, identified a communication between viruses. They found a unique
small-molecule communication system that controls lysis-lysogeny life cycles in
a temperate phage [23]. Another study described the assembly of a nucleus-like
structure during the viral replication of phage 201®2-1 in Pseudomonas chlorora-
phis, which suggested that phages have evolved a specialized structure to compart-
mentalize viral replication [24].

Phages can go through two different life cycles: the lytic and the lysogenic cycle.
First, phages bind to the bacterial host specifically on a receptor found on the
bacteria’s surface and then injects its genetic material into the cell. The phage then
takes advantage of the bacterium’s biochemical machinery and replicate its genetic
material, producing progeny phage. Subsequently, the phage synthesizes proteins
such as endolysin and holin, which lyse the host cell from within. Holins are small
proteins that accumulate in the cytoplasmic membrane of the host, allowing endo-
lysin to degrade peptidoglycan and the progeny phage to escape the bacterial host.
In the external environment, lytic phage can infect and destroy all bacteria nearby
its initial bacterial host (Figure 1). The rapid proliferation and the large number of
lytic phages are advantageous when they have therapeutic purposes. However, lytic
phages have narrow host ranges and infect only specific bacterial species. Though,
it can be overcame by giving a cocktail of different phages to patients afflicted by
bacterial infections [25].

In the lysogenic cycle, the temperate phages do not immediately lyse the host
cell, instead, they insert their genome into the bacterial chromosome at specific
sites. This phage DNA now inserted into the host genome is called prophage, while
the host cell containing the prophage is called a lysogen. The prophage then repli-
cates along with the bacterial genome, establishing a stable relationship between
them. The disadvantage of using temperate phage in phage therapy is that once the
phage DNA is inserted into the bacterial genome, it can remain dormant or even
alter the phenotype of the host [25].

Another advantage of using temperate phages in phage therapy is that the
lysogenic cycle can continue indefinitely unless the bacteria are exposed to stress or
adverse conditions. The signals that triggers such event vary from phage to phage,
but prophage are commonly induced when bacterial stress responses are activated
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Figure 1.
Diagram representing the lytic and lysogenic cycle of the bacteriophages, as well as their advantages and
disadvantages on phage therapy.

due to antibiotic treatment, oxidative stress, or DNA damage [26]. Once the
lysogenic cycle finishes, expression of phage DNA starts and lytic cycle begins. In
recent studies, it was found that phages that infect Bacillus species depends on small
molecules called “arbitrium” to communicate to each other and make lysis-lysogeny
decisions [23].

The biological implication of this phenomenon is very significant and explains
why when phages encounters a large numbers of bacteria colonies, therefore, find-
ing plenty of hosts to infect, they activate the lytic cycle. If host numbers is limited,
the progeny phage then activates the lysogenic cycle and enters in a dormancy state.
These recent findings stimulate other researches to be done to determine if there are
other peptides also implicated in this phenomenon or if cross-talk is evident among
different bacteriophage [25].

Furthermore, recent study regarding the full genetic sequence of the T4
phage (GenBank accession number AF158101) showed that the lysis of the
bacteria by a lytic phage involves a complex process consisting several structural
and regulatory genes. Besides, it is also possible that some therapeutic bacterio-
phages have some unique and unidentified genes or mechanisms responsible for
effectively lysing their targeted bacteria. This led scientists to identify and clone,
years later, an anti-Salmonella phage possessing a potent lethal activity against
Salmonella enterica serovar Typhimurium host strains. Another study showed an
unique mechanism for protecting phage DNA from the restriction-modification
defenses of an S. aureus host strain. Further studies are necessary to gather
information that are going to be useful to genetically engineer therapeutic phage
preparations [27].
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2.4 Mode of action of the bacteriophages

The first studies regarding the pharmacokinetics of bacteriophages showed that
phages got into the bloodstream of laboratory animals after a single oral dose within
2 to 4 hours and that they were found in the following organs of the human body:
liver, spleen, kidney, etc. in approximately 10 hours. Additionally, data concerning
the period of time that the phages can remain in the human body indicate that it can
happen for along period of time, i. e., for up to several hours [28].

Despite the efforts in better understanding the pharmacokinetics of phages,
their self-replication creates a complex scenario influenced by both decrease and
proliferation. Although in vivo amplification of phages has been already performed,
the topics are dominated by mathematical models of in vitro infections, which does
not necessarily corresponds to iz vivo amplification [29]. On the other side of it,
phage lytic enzymes are considered as standard drugs in terms of pharmacokinetics.
SAL200, a S. aureus-specific endolysin, has a t;/; between 0.04 and 0.38 hours after
intravenous administration in healthy volunteers. The authors stated that, based on
the molecular weight, renal clearance and drug distribution from the intravascular
to the extravascular space should be minimal. Therefore, the presence of plasma
proteases can explain the decay of this endolysin [30]. Other endolysins have a
longer half-life (e.g., CF-302 has a half-life of 11.3 hours, while P128 has a half-life of
5.2 and 5.6 hours for the highet doses, 30 and 60 mg/kg, respectively) [31, 32]. Thus,
as lytic enzymes in pre-clinical analyses shows an easier determination of its dosing
regimen when compared to dosing regimen of phages, lytic enzymes are currently
preferred to be used on patients [33]. In this sense, further studies are needed to
better evaluate the pharmacological data concerning the lytic phages, including
full-scale toxicological researches, before they can be used therapeutically in the
West World [1].

2.5 Safety in the usage of phage preparations

From a clinical perspective, phages are apparently harmless. During the long
period of usage of the phages as therapeutic agents in Eastern Europe and in the
former Soviet Union (and before the antibiotic era, in the United States), phages
have been administered to humans (i) orally, in tablet or liquid formulations (10°
and 10" PFU/dose) (ii) rectally (iii), locally (skin, eye, ear, nasal mucosa, etc.),
in tampons, rinses and creams, (iv) aerosols or intrapleural injections, and (v) via
intravenous access, though less frequently than the first four cited methods, and
there are no reports of serious complications associated with their use [1].

Another aspect regarding safety of the bacteriophages usage is that they are
extremely common in the environment (e. g., nonpolluted water has been reported
to contain ca. 2x10° bacteriophage per ml) [34] and are usually consumed in
foods, highlighting their potential to be used as bioremediation agents on polluted
environments. However, it would be prudent to ensure the safety of these micror-
ganisms before using them as therapeutic agents, making sure, for example that:
(i) they do not carry out generalized transduction and (ii) have genetic sequences
possessing considerable homology with some genes related to antibiotic resistance,
genes for phage-encoded toxins, and genes for other bacterial virulence factors [1].

2.6 Advantages in the use of bacteriophage therapy

Bacteriophage therapy presents many advantages such as high host specificity,
preventing damage to normal intestinal flora, thus not infecting eukaryotic cells, low
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dosages required for the treatment, rapid proliferation inside the host bacteria, mak-
ing them ideal candidates to treat bacterial infections [35]. Unlike antibiotics, another
advantage in the usage of bacteriophages is that they reinfect the bacteria host and
mutate alongside them [36].

However, high specifity of the phages can be both advantageous and a limiting
factor. To use a monophage therapy it is necessary to check the efficacy of the
phage by performing in vitro assays against the disease-causing bacteria before
applying it in the patient, which can be a laborious task to do. The solution to
this problem would be to use phage cocktails, which comprises a wide range of
phages acting against different bacterial species or strains [37]. According to
experts all around the world, an ideal phage cocktail consists of phages belonging
to different families or groups so that it would target a broad range of hosts. Also,
they would have to possess a high absorption ability to the highly conserved cell
wall structures of the bacterial hosts. Additionally, the usage of phage cocktails
may reduce the emergence of phage resistant bacterial population. On the other
side, other researchers defend the sequential use of individual active phages to
the patient, though, in clinical practice, it appears to be a difficult strategy to
perform [38].

Not only bacteriophages per se can be used to treat bacterial infections. Their
by-products can also do the trick. It was already reported that lytic enzymes
showing function similar to lysozyme can also be used as an antibacterial agent
or can be used in synergy with other antimicrobials like antibiotics to improve
the efficacy of the treatment [39]. A phage derived protein, “endolysin”, also
possesses antibacterial and antibiofilm activity against ESKAPE pathogens
[39-43]. V12CBD, a recombinant protein derived from bacteriophage lysine,
PlyV12, was also able to attenuate virulence of S. aureus and also enhance its
phagocytosis in mice [44].

2.7 Disadvantages in the usage of bacteriophage therapy

It is widely known that phages can be vector for horizontal gene transfer in bacteria,
and in this process, bacteria can exchange virulence or antibiotic resistance gene, mak-
ing these microrganisms resistant to a wide range of antibiotics [45]. Therefore, phages
cannot harbor virulence factors or antibiotic resistance genes like integrases, site-
specific recombinases, and repressor of the lytic cycle that may accelerate the integra-
tion of these genes in the bacterial hosts. Algorithms that can predict the mode of action
of the phages as well as their virulent traits are available but their database needs to be
constantly updated with a greater amount of genome sequence of phages [46].

Recent studies demonstrated an iz vivo efficacy of phages against infections
caused by ESKAPE pathogens (Enterococcus faecium, Staphylococcus aureus, Klebsiella
pneumoniae, Acinetobacter baumanni, Pseudomonas aeruginosa and Enterobacter
spp.), and their authors used fully characterized phages that showed no virulence
factors or antibiotic resistance genes, therefore, they were considered safe as they
do not provoked any allergic or immune response in the patient, and they were also
stable at varied pH and temperature, making them ideal candidates for bacterio-
phage therapy [47-50].

Another limitation is the relatively weak stability of phages and their proper
administration in order to reach the site of action. Phage preparations can be
applied orally, nasally or topically [51, 52]. To overcome this limitation, studies were
conducted and they have shown that phage’s efficacy is improved when they are
entrapped with liposomes [51, 53-55]. They can also reach the infection site in the
form of a powdered formulation [56].
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3. Future perspectives on phage therapy

There is an increasing urge to restock our ammunition of antimicrobials to com-
bat the ever rising drug resistant bacterial pathogens. Effective antibiotic combina-
tions are scarce and to add to the problem, the incoming of new drugs is also very low
and happens in a very slow pace. Phages are a promising source of new antimicrobial
drugs and they have been sparking up an interest on researchers all over the world,
but still, their use is not approved on the United States and in Europe. But once limi-
tations on their use is overcame, like preventing the phages to insert genes on their
bacterial hosts that could confer them resistance to antibiotics and also the produc-
tion of toxins, for example, the use of bacteriophages to treat bacterial diseases will
be extremely helpful to treat patients affected by these bacterial diseases.
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Chapter2
Oral Bacteriophages

Sonia Bhonchal Bhardwaj and Seema Kumari

Abstract

Bacteriophage or phage therapy involves using phages or their products as
bio-agents for the treatment or prophylaxis of bacterial infections or diseases.
Bacteriophages have the ability to regulate the oral microflora by lysing sensitive
bacterial cells and releasing bacterial components with pro-inflammatory activ-
ity. Bacteriophages carry specific polysaccharide depolymerases that aid viral
penetration and can disrupt the pathogenic process associated with biofilm and
exopolysaccharide in the oral cavity. Oral diseases are mainly caused by biofilm
forming microorganisms and phages are now being used for biocontrol of oral
biofilms. Phages for Actinomyces species, Aggregatibacter actinomycetemcomitans,
Enterococcus faecalis, Fusobacterium nucleatum, Lactobacillus species, Neisseria
species, Streptococcus species, and Veillonella species have been isolated and char-
acterized. Bacteriophages could be considered as potential therapeutic tools for the
elimination of caries, periodontitis, and other diseases of the oral cavity.

Keywords: oral microbiome, oral phages, oral biofilms, oral diseases,
bacteriophage therapy

1. Introduction

Bacteriophages are viruses that attack bacteria. Phages are now known to cure
antibiotic-resistant bacterial infections as well as decrease bacterial virulence by
overcoming the barriers bacteria used to avoid them. Bacteriophages are now being
explored as potential therapeutic tools for the elimination of oral bacterial patho-
gens. Bacteriophages can disrupt pathogenic processes associated with biofilm and
exopolysaccharide formation by oral microflora. Bacteriophages are a habitat to the
human oral cavity where the oral pathogenic bacteria exist. Earlier studies show
the isolation of oral bacteriophage from the oral cavity when an oral bacteriophage
infecting Lactobacillus casei was obtained by Meyer et al. [1]. Subsequently, a range
of oral bacteriophages infecting Veillonella species was isolated by Hiroki et al. in
1976, lytic bacteriophages for Actinomyces species were isolated by Tylenda et al.
in 1985, oral bacteriophages specific for Actinobacillus actinomycetocomitans were
described by Olsen et al. in 1993, oral bacteriophages specific for Streptococcus
mutans were isolated by Delisle and Rotkwoski in 1993, and bacteriophages specific
for Enterococcus faecalis were by Bachrach in 2003 [2-6]. Metagenomic analysis
estimates 10°-10" virus-like particles existing per ml of human saliva and per gram
of dental plaque [7]. The isolation studies for oral phages have been challenging,
where phages have been obtained from clinical (saliva, plaque, oral washings)
and environmental samples. The bacteriophages for oral bacteria implicated in
various oral diseases have been described in the following section. The phages
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for the oral bacteria Actinomyces, Aggregatibacter, Fusobacterium, Parvimonas,
Porphyromonas, Prevotella intermedia, E. faecalis, S. mutans, Treponema denticola
are described here.

2. Actinomyces bacteriophages

Actinomyces species are found in healthy mouth but are also implicated in oral
abcesses and oral-facial actinomycosis. Actinomyces, together with streptococci,
initiates the biofilm development and formation of dental plaque [8]. Bacteriophages
are used to block this co-aggregation to reduce the biofilm development without
reducing health-related Actinomyces, which is part of the oral microbiome. The
most commonly studied Actinomyces phage was AV-1, but it had a very narrow host
range [9]. However, when the phage AV-1 was combined with AV-11, they lysed
most of the indicator strains used for Actinomyces studies [10]. Actinomyces phages
probably use surface structures of streptococci as receptors. These phages are from
the families’ Siphoviridae (61%) and Podaviridae (11%) [11, 12].

3. Aggregatibacter bacteriophages

Aggregatibacter is the causative agent of localized aggressive periodonti-
tis. Aggregatibacter phages are mostly temperate phages and easy to isolate.
Engineered Aggregatibacter bacteriophages that release biofilm degrading enzymes
like dispersion B to breakdown biofilm have been used against periodontitis caus-
ing Aggregatibacter actinomycetemcomitans [13]. dAa 17 and Aa$h23 are the most
extensively studied Aggregatibacter phages [14]. These Aa¢ phages have a relatively
broad host range. The limitation of these Aggregatibacter phages is that they can
transfer antibiotic resistance genes, which are acquired macrolide lincosamide
streptogramin B (MLS) resistance genes such as erm (A), erm (B), erm (C), erm
(F), and erm (Q), and induce serotype conversion and release of leukotoxin [15].
In a recent study, it has been seen by metagenomics analysis that Aggregatibacter
phages preferably lysogenize specific phylogenetic lineages not correlating with
specific clinical conditions. They have either a very narrow host range or a broad
host range [16]. The clinical conditions/impact in which these phages are used
remains unknown.

4. Enterococcus bacteriophages

E. faecalis is one of the most frequently isolated species from nosocomial infec-
tions, endocarditis, bacteremia, urinary tract infections, meningitis, systemic
infections. It has also been reported in periodontitis, which is a biofilm-mediated
disease, tooth root infections, which are an example of endodontic biofilms, and
also on implants. E. faecalis bacteriophages isolated belong to myoviridae and
siphoviridae and are tailed phages. The bacteriophages isolated against E. faecalis
strain of oral origin include phage IME-EF1 when administered intraperitoneally in
a murine sepsis model protected the mice from lethal challenge around 60 to 80%
mice surviving [17]. Another phage @EF 24C protected the BALB/C mouse model
from the lethal challenge of E. faecalis [18]. Another phage EFDGI tested on E.

faecalis biofilms of post-treated root canal infections using an ex vivo two-chamber
bacterial leakage model of human teeth showed dead bacteria in phage-treated
teeth as compared to dentinal tubules of the control group [19]. The genetics of
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three phages ¢EF11, EFDGI, and EFLK1 has been studied by genome sequencing
[20]. Full-genome sequencing of the EFDG1 genome revealed that it did not contain
harmful genes and also efficiently prevented E. faecalis infection after root canal
treatment. The authors concluded that phage therapy using these phages might be
efficacious to prevent E. faecalis infection after root canal treatment. E. faecalis has
also been recovered from periodontal pockets in 1-51.8% of chronic periodontitis
patients [21]. In our recent study, a novel E. faecalis bacteriophage was isolated

from sewage and was found effective in reducing biofilms formed by drug-resistant
clinical isolates of E. faecalis from chronic periodontitis patients [22]. Passage of
phage ¢ EF11 through E. faecalis strains JH2-2 harboring a defective prophage
produced a new strain with more antimicrobial efficacy [23]. The use of enterococci
bacteriophages can probably control colonization of teeth surfaces by reducing the
biofilm in chronic periodontitis. The application of bacteriophages as a strategy to
conventional antibiotic treatment particularly in the case of biofilm and multidrug-
resistant strains is promising.

5. Streptococcus bacteriophages

The most important species that play a key role in dental plaque formation
are oral Streptococci. The oral streptococci mainly constitute 12 species includ-
ing Streptococcus salivarius, S. agnisosus, S. mutans, S. constellates, S. cristareus,
Streptococcus govdonii, S. mitis, Streptococcus orvalis, S. parasanguis, Streptococcus
pneumoniae, S. sanguis, S. sobrinus. The initial colonizers of the tooth are S. sali-
varius, S. sanguis, S. oralis, and S.gordonii; however, S. sobrinus and S. mutans are
more involved in dental infections [24]. Initial studies reported the isolation of
lytic bacteriophages from human saliva [25]. The complete genome sequence
of S. mutans lytic bacteriophage M102 was revealed [26]. In 2008, Van de Ploeg
reported the complete genome sequence of prophage 15 infecting S. gordonii, which
was a lysogenic phage [24]. A diverse group of around 50 bacteriophages that infect
S. mitis, S. mutans, S. ovalis, S. salivarius, and S. sobrinus have been identified and
reported [27]. Unlike the S. mutans phages that are seen as lytic phages, the phages
for S. mitis have been found as temperate. These temperate phages have the property
to transfer host DNA into other bacterial strains. Seven phage-related gene clusters
were detected in the genome of S. mitis B6, SM1, and ¢pB6 prophages were isolated
and sequenced [28]. Virulent pneumophages DP-1 and CP-1 were able to infect
S. mitis and are also able to infect and replicate in commensal streptococci [29]. As
S. pneumoniae and S. mitis carry numerous temperate phages in their genomes they
are closely related and these virulent cross-infecting streptococcal phages and their
enzymes are being used to biocontrol of oral infections [30].

6. Bacteriophages for oral anaerobes
6.1 Fusobacterium bacteriophages

Fusobacterium nucleatum bacteriophages have been isolated from saliva samples
[31]. Siphovirus Fnp$02 could target three subspecies of F. nucleatum, F. vincentii,
and E. polymorphum. The second phage Fnp$02 was rapidly absorbed on the cell
surface but slow lysis was observed. In another study, non-infective phages were
obtained by mitomycin C treatment of F. nucleatum [32]. The full-genome sequence
and functional characterization of a novel lytic bacteriophage FNul against
F. nucleatum which can break down oral biofilms have been reported recently [33].
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6.2 Porphyromonas, prevotella, and tannerella

Prevotella phages have been detected in vivo [34]. Phages against Porphyromonas
gingivalis and Tannerella forsythia have not been isolated so far. P. gingivalis that is
an important anaerobic periodontal pathogen-causing microbial dysbiosis may
protect itself in the periodontal pockets where many bacteriophages are preset by
CRISPR-CAS systems providing it adaptive immunity [35]. These CRISPR-CAS
systems are the only adaptive immune system in bacteria to fight phages/viruses,
plasmids, transposons, integrative conjugative elements and are also found to
target undesirable bacteria in the microbiome. On invasion or exposure to foreign
DNA, the spacer sequences are transcribed into small CRISPR RNAs used by Cas
proteins to cleave foreign DNA thus acquiring “acquired memory” of this adaptive
immune system.

6.3 Treponema

A single study has reported the isolation of Treponema phage [36]. Phage ¢ptd1l
that belongs to Myoviridae family was harvested from the biofilm culture of
T. denticola and its genome was detected by polymerase chain reaction.

6.4 Veillonella phages

It is a non-motile gram-negative diplococci. Veillonella is a part of the normal
flora of the mouth is also associated with oral infections. Around 25 Veillonella
phages have been isolated from mouth wash specimens. The small plaque-forming
was found to be active against Veillonella rodentium. The large plaque formers were
active against clinical Veillonella spp. isolates. Virion morphology was studied only
for functional phages N2, N11, and N20 [37].

6.5 Lactobacillus

Bacteriophages for the caries associated with 12 strains of Lactobacillus includ-
ing L. casei have been isolated. They have been divided into two groups: PL-1isa
lytic phage and temperate phage phi FSW of L. casie ATCC27139 [38].

7. Uses of oral bacteriophages
7.1 Bacteriophages and oral biofilms

The effectiveness of oral bacteriophages has been mainly seen by the reduction
in the count of viable bacteria in the oral biofilms by using them. However, the
phages were not able to reduce the amount of extracellular matrix in the biofilms
[39]. Another factor while using phages is the phage therapy will be partially
effective if particularly if the biofilm is old. The penetration and effect of phages
on multispecies oral biofilms has also not been much studied. In a study in two
species of biofilm constituting of phage-resistant and phage-susceptible bacte-
ria, it was seen that the species composition of the biofilm may modulate phage
effectiveness [40]. Limited studies show the application of oral phages in vivo
using animal models. The efficacy of oral phages formulated in thermo-sustained
release system against E. faecalis has been studied in vivo using a rat model. The
study showed that per-apical inflammation of the tooth was improved after phage
treatment [41].
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7.2 Bacteriophages in oral diseases

Bacteriophages are being isolated to bacteria causing oral infections.
Bacteriophages have been isolated to both aerobic and anaerobic microorganisms
associated with periodontitis. Bacteriophages also constitute the majority of peri-
odontal viral communities [42]. This variation in bacteriophages in healthy and
periodontitis patients suggests a potential for more bacteriophage exploration. The
use of bacteriophages has also been done in root canal treatment but targeted mainly
against E. faecalis. Bacteriophages have also been explored for their therapeutic role
in peri-implantitis [43] and also in the healing of oral mucosal infections [44].

7.3 Bacteriophages as antibiotic adjuvants

Phages can be used as adjuvants to antibiotic therapy. Resistance developed in
phages can be reduced by using a cocktail of phages or phage recombinant lysins.
Now, genetically engineered phages have also been developed to tackle resistance
strains [45, 46].

The use of strictly lytic phages that infect only the target bacteria without
affecting the normal microflora can be used as an alternative to local or systemic
antibiotic therapy. This phage-based treatment can be designed in each case favor-
ing personalized medicine.

8. Conclusion

The oral diseases caries, periodontal diseases, periapical and endodontic lesions,
perimplantitis, and oral mucosal infections are microbial in origin. Bacteriophages
are useful candidates for these biofilm-mediated diseases. As antibiotic resistance
has become a matter of global concern, the bacteriophages or phage therapy can
be used particularly to reduce the impact of acute infections. Moreover, antibiotics
have a limited effect on the biofilm and are not much useful for the treatment of
oral diseases. However, few bacteriophages are not effective against degrading bio-
films; therefore, enzymatic or engineered phages are being investigated. Phages are
low in cost, easy to isolate, and efficient against biofilm, and are bacteria specific.
Phages have a great potential to be used in the prevention, control, and therapeutics
of oral infections.
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Chapter 3

Viruses of Extremely Halophilic
Prokaryotes

Chelsea Truitt and Ratnakar Deole

Abstract

As viruses are known to be the most distinct source of biodiversity, it is not
surprising that they are the most abundant biological group in hypersaline
environments such as aquatic systems which have saturated salt concentra-
tions. However, of more than 6000 known prokaryote viruses less than 100 are
considered to be extremely halophilic (salt loving) and have the ability to infect
bacteria. Combination of information obtained from culture dependent and culture
independent methods allow better understanding of these viruses. This review
will update the advances in halophilic viruses and its impact on the bacteriophage
studies.

Keywords: halophiles, viruses, halophilic viruses, hypersaline environment,
bacteriophages

1. Introduction

Halophiles are considered to be a part of a larger group of microorganisms called
extremophiles. Like their name suggests, these microorganisms are able to thrive
and survive within an extreme environment that would prove to be impossible for
others. The extreme environment in which halophiles live are environments of high
salinity or high salt concentration. Originally there were two categories of microor-
ganisms considered to be halophiles, archaea and bacteria. However, within the last
50 years there was a discovery of yet another type of halophile, halophilic viruses.
Viruses are in-fact one of the most abundant organism types within our biosphere
and are able to infect organisms from all three domains of life [1-3]. Thousands of
prokaryotic viruses have been identified but only a small portion of these are able
to infect halophilic prokaryotes [4]. The origin of these halophilic viruses is not yet
known but there are two differing hypotheses in regard to their arrival. One being
that these viruses were the ones to originally give rise to other cell types; the other
being that the different cell types gave rise to the viruses [5-11]. It has also been
hypothesized that these halophilic viruses, also known as halophages, have served
as amode of genetic information between prokaryotes [9, 12]. This last hypothesis
is supported by the fact that some of the largest viral sequences known, have some
genetic similarities with the bacteria in which they prey upon. These halophages are
able to be isolated from many different hypersaline environments all over the world
and since their discovery have captured the interest of many different scientists.
This is likely because not only do these viruses possess the ability to survive in these
extreme environments, but they also have the ability to infect other halophilic
organisms and live a wide variety of different life cycles. While there has been some
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progress on better understanding these viruses, further research is needed; to not
only understand the effects they have had and continue to have on the environment
in which they live but to also have a better idea of their potential uses across a wide
variety of industries [9].

2. Discovery and initial studies of halophages

The discovery of the first halophilic virus happened accidentally while scientists
were studying a known halophile, Halobacterium salinarum, which it had infected
[9]. H. salinarum is an extremely halophilic archaea, despite its possibly misleading
genus name of halobacterium. This archaeon is known for the discovery of bacteri-
orhodopsin, which is a light driven proton pump, that it utilizes as an energy source
[13]. Since this discovery, there have been nine more viruses found that have the
ability to infect halophilic bacteria as well as 56 other viruses that infect different
species of halophilic archaea [9]. There has been further investigation into these
types of viruses, including the work done by scientists Daniels and Wais. Working
out of hypersaline ponds found in Jamaica they hypothesized that the samples
collected both before and after rain fall would have a differing amount of both
prokaryotes and halophilic viruses [14]. They thought that rain would act as a dilut-
ing agent in these ponds and would affect both the salinity of the water as well as its
microbial community [9]. To evaluate this hypothesis, samples were collected both
before and after rain fall. It was later learned that sample results not only varied
between pre- and post-rain samples but also varied between large versus small
sample sizes [9]. When Daniels and Wais were evaluating their “pre-rain”, smaller
sample volumes, they noted that there were fewer halophages as well as fewer
plaques present [9]. The larger sample sizes under the same conditions on the other
hand showed a larger number of viruses present as well as larger plaques [9, 15-17].
It has been suggested that plaque size is directly correlated with virulence, mean-
ing, the larger a plaque appears to be the more virulent a virus is [14, 18, 19]. Not
only the size of the plaques within the samples gives us information but also their
opaqueness. Unlike the directly correlated relationship seen between virulence and
plaque size, the opaqueness of the viral sample and its virulence are indirectly cor-
related. Meaning, the opaquer the plaques appear to be, the less virulent the viruses
are, while samples that are clearer, suggests the viruses present are more lytic (or
virulent) [20]. There have been arguments that these findings are not directly
correlated with virulence and that the plaque appearance is due to chance. This is
because of the argument that with the larger sample sizes there would be a larger
virus to host ratio. This is supported by the consensus that more viruses tend to be
present in comparison to prokaryotes within aquatic samples. Thus, an increase in
the number of viruses’ present could ultimately lead to more lysis taking place [9].

Another finding by Wais and Daniels was that after rainfall, there was a decrease
in number of total halophilic prokaryotes present in the hypersaline ponds but an
increase in free halophages [9]. It is important to note that extremely halophilic
microorganisms generally thrive at a salinity of about 10%-30% NaCl. When
concentrations drop below this range, this can disrupt the normal osmotic gradient
present within the cell, resulting in cell lysis. Halophilic viruses on the other hand,
are active at lower saline concentrations. From this information they suggested that
the decrease in salinity lead to mortality in the prokaryotic population but prior to
cell death, the viruses present within that host cell utilized the hosts cell machinery
to replicate [9, 21-23]. While the viral population increased immediately after
rainfall, this increase appeared to be short lived. Samples taken 24 days after the last
rainfall showed that the viral population had decreased as the halophile population
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returned to baseline levels as well as the salinity of the water [9]. These findings led
Wais and Daniels to hypothesize that the less-virulent strains of halophages can
exist within these hypersaline environments, but they are not active when salt con-
centrations are too high. This means that when these prokaryotes are in their ideal
hypersaline environments, they are safe from viral predation, but, once those water
salt concentrations fall below ideal levels, they are more susceptible to active halo-
philic viral infections [9]. While these halophages may not be active at high salt con-
centrations, they are still present and living within the host cells genetic material as
a prophage. When the salinity of the aquatic environment would decrease, due to
instances such as rainfall, these same viruses would become active and utilize the
hosts cell machinery prior to host cell death [9]. They believed this was the strategy
employed by these viruses to ensure that they are able to remain stable despite the
less favorable hypersaline environment. This type of relationship is viewed by some
as mutually beneficial [24]. The prokaryotes present in the extreme hypersaline
environment can live without the concern of viral predation, while the halophages
are also able to co-exist within the host and make use of its cell machinery prior to
inevitable cell death [9]. Similar studies and findings were conducted by Torvisk
and Dundas while they were investigating their halophilic viral isolate, Hs-1 [25].
They observed that when infection of Halobacterium salinarum took place in a lower
salinity atmosphere, the virus appeared to be more virulent. Conversely, when the
viral infection took place in an environment of higher salinity the virus behaved in
a more lysogenic fashion [9]. They also noted that the rate at which the virus could
adhere to the surface of these prokaryotes also decreased with increasing salinity,
suggesting that as salinity increases, adsorption decreases. The findings between the
four previously mentioned scientists help further support their theories from both
an environmental observation and laboratory point of view.

3. Halophilic viruses and their infection cycles

The process in which these viruses infect their host are similar to those of other
viruses. Firstly, viruses adhere to the surface of the targeted cell and work their way
into the cell’s cytoplasm without detection. The next step in this process would be
for the virus to replicate its genetic material using the hosts cell machinery. This
process takes place in different fashions and timeframes that will be discussed later.
The majority of halophilic viruses that have been discovered and studied contain
DNA as their genetic material. There has yet to be a discovery of a halophilic virus
that is made up of RNA [26]. After the virus replicates its genome and it is tran-
scribed into mRNA, that mRNA is then translated into more viral particles. These
particles then assemble and eventually leave the host cell to go on and infect another
host. There can be variations of this process between different types of viruses
and their own specific cycles. For example, viruses that behave in a Iytic fashion
proceed to take over the hosts cell machinery to produce its own progeny, result-
ing in destruction or lysis of the cell. Viruses that partake in this lytic lifestyle are
also termed to be virulent. There are also viruses known as temperate viruses. This
type of virus is known to infect halophilic prokaryotes in one of two ways. The first
being that after invasion of the host cell they are able to integrate their own genetic
information into the genome of the host and exist as a prophage. As the host cell
undergoes its own replication cycle, the viral DNA is replicated along with it and is
being passed along to daughter cells. Once the infected cell is subjected to instances
of stress, this can cause the prophage to enter into the lytic cycle, take over the hosts
cell machinery and eventually lead to cell lysis. The second type of temperate virus
known to invade halophilic prokaryotes works by replicating its genetic material
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within the cytoplasm of the host cell similarly to a plasmid. Viruses are also able to
partake in a chronic infection type lifestyle, also known as a persistent infection.
This is where once the virus is inside the host cell it is able to continuously replicate
its genetic material within the host without causing cell lysis. This type of lifestyle
is best used to describe the non-lytic halophilic viruses. Examples of this type

of virus would be the lemon-shaped virus Hisl and also the pleomorphic virus,
HRPV-1. How these viruses are able to leave the cell without causing cell lysis is not
completely understood but it is hypothesized that it may be through budding of the
plasma membrane [26].

4. Different Halophage morphologies

Not only can these halophages take part in multiple different types of infection
cycles, but they are also known to have varying morphological structures. Of the
halophilic viruses that have been isolated, there are 4 general categories of morphol-
ogy in which they can be placed. The first being viruses with an icosahedral shape
with either a medium length contractile tail, a short non-contractile tail or a long
non-contractile tail. Second being viruses also with an icosahedral shape but this
virus type also has an internal cell membrane. The final two categories of possible
cellular morphologies include viruses that are pleomorphic and viruses that are
lemon-shaped [26]. These varying morphologies can help us better understand
the process in which these viruses are able to come into contact with the host cells
and integrate their genetic information. In general, viruses are able to adhere to the
hosts cell surface through some sort of receptor molecule. However, for haloviruses
there has not been a specific receptor molecule identified. There has been a hypoth-
esis that the receptor molecule for a known halovirus $Chl could be a galactose
residue found on the surface of a well-known haloalkaliphilic archaeon, Natrialba
magadii [26]. The supporting evidence for this hypothesis is that the tail of $Chl
actually contains a protein fiber that has a galactose binding domain. Thus, when
this virus comes within a close vicinity of the archaeon, its tail is able to bind with
this galactose residue and allow the virus to invade the host cell. This theory is also
supported by the fact that when there is a disruption in the genetic sequence of this
virus that alters this protein fiber binding domain, the virus is no longer able to
adhere to the hosts cell surface [26]. Furthermore, this would support the notion
that if the virus has more than one protein fiber present within the tail, it could
possibly have the ability to bind to more than one potential prokaryotic host [26].

Of the different viral morphology types, the tailed icosahedral type is one
of the most common [27]. So naturally, there have been some tailed icosahedral
halophilic viruses uncovered. These tailed viruses are thought to belong to either
the myoviridae family or the siphoviridae family and preferentially infect archaea.
These viruses not only have structural similarities between known bacteriophages,
but they also have some genetic similarities. These findings suggest that they might
share a common ancestor or that recombination might have taken place between
the halophilic viruses and other cells found within the hypersaline environment.
Examples of well-studied tailed icosahedral viruses include HSTV-2, HVTV-1 and
HSTV-1. These three viruses are known to live a virulent life cycle and they do not
contain an integrase sequence within their genetic material [26]. Integrase is the
enzyme that lysogenic viruses generally use in order to integrate their own genetic
information into the host cell’s DNA to be replicated and transcribed. After these
viruses infect the host cell and replicate their genetic information, they generally
lyse the cell within 24 hours after the start of the infection. They also share an
interesting feature that they are able to inactivate and reactivate their infectivity
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in response to lower salinities [26]. When the virus is subjected to a less than ideal
or higher salt concentration, the active infection comes to a halt. When the virus

is then placed back into a more optimal or lower salt concentration, the infection
can resume. This type of adaptation is useful to viruses that are found in natural
aquatic habitats because with rainfall or lack thereof, there can be either an increase
or decrease in the water’s salinity. This adaptation helps ensure that the virus can
survive in instances of drought, where it may be a longer period of time before there
is a decrease in the water’s salt concentration. All halophilic viruses however, are not
of the tailed icosahedral shape. There have also been halophilic viruses uncovered
that have either the spherical or pleomorphic type morphology. These pleomorphic
viruses can be isolated from not only aquatic habitats but salt crystals as well. They
are also known to carry out a non-lytic lifestyle within their host. Examples of

this type of virus would include His2 and HRPV-6 [26]. Finally, there are also the
lemon-shaped viruses, which could possibly be the most common morphology for
halophilic viruses.

5. Genetic studies of halophilic viruses

The genetic material that makes up the DNA of all organisms consist of four
different nucleotides: Guanine, Adenine, Cytosine and Thymine. In the instance
of RNA, the thymine is replaced with uracil. The natural pairing that takes place in
double stranded DNA is that guanine pairs with cytosine through three hydrogen
bonds and adenine binds with thymine through 2 hydrogen bonds. This hydrogen
bonding plays an important role in not only the structure of DNA but also in the
stability of the DNA and its resistance to denaturation. Genetic studies are a great
way to not only better understand the organism in which you are studying butitisa
great comparison tool to view similarities between both organisms of the same spe-
cies and organisms from differing species. Studying genomics also allows scientists
to form a road map of sorts that can help indicate which part of an organisms’
genetic information is responsible for different actions and characteristics. Genetic
studies of halophiles for example, help provide insight into how these organisms
are able to survive in such harsh and hypersaline environments. Over the years,
many different software programs have been designed to house known genetic
information and to give scientists access to this information. One such program is
called GAAS or “genome abundance and relative size”. This program was originally
developed to examine aquatic viruses on a global level. Viruses can be made up
of both DNA and RNA that can be single stranded or double stranded. Viruses
however, do not contain their own replication machinery and must utilize the
machinery of their host to produce viral progeny. The GAAS program previously
mentioned suggests that a large number of marine viruses have single stranded
DNA as their genetic information type. However, most genomes of sequenced halo-
philic viruses appeared to be made up of double stranded DNA. According to GAAS
the average size of the halophilic viral genomes were 51-263 kbps and the size of the
viral genome appeared to be smaller when compared to that of its host. Another
important aspect to take into consideration when studying genomics is whether or
not portions of an organism’s genome is “GC rich” Meaning that there is a higher
percentage of guanine and cytosine nucleotide pairs in comparison to adenine and
thymine base pairs. This information is important because due to the higher number
of bonds between guanine and cytosine, it is thought that areas that are rich in
these base pairs are considered to be more stable. Hence, there might be a higher GC
concentration in certain areas within a organism’s genome that encode for proteins
that are vital for survival. If a protein is needed for survival, this would mean
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that specific portion of the genome would be conserved across most organisms
within that species. When studying halophilic viruses and their GC content, it was
observed that species with a specific GC content appeared to cluster together [9].

6. Examples of halophilic viruses

One of the first halophilic viruses to be analyzed at the molecular level was
the virus H. This temperate virus is known to infect archaea, specifically
Halobacterium salinarum. $H’s DNA is made up of double stranded DNA that is
approximately 59kbp long and has a GC content percentage of 65% [9]. When it’s
genetic material was compared to that of it’s host, there were very few similarities.
Once infection with this virus takes place, the virus exists are a prophage in a closed
circular state. This virus’ structure was also observed to be very reliant on the salt
concentration of its environment. Further investigation of this halophilic virus led
to the discovery of 8 different variants, termed $H1- $HS8 [9]. Another virus to be
isolated from Halobacterium salinarum is the halovirus $N. $N has a icosahedral
morphology with a non-contractile tail. Its DNA is made up linear double stranded
DNA and is 56 kbps long with a GC content of 70% [28]. This virus is also known to
carry out a virulent lifestyle.

The next two halophilic viruses were both isolated from a saltern in Australia
and are named HF1 and HF2. These two viruses have quite a few characteristics
in common. They both have the tailed capsid morphology and belong to the viral
family myoviridae. Both of their genetic materials consist of double stranded DNA
and they have the same 55.8% GC content present. Both viruses are also very sensi-
tive to low NaCl concentrations and if there is no magnesium present, a minimum
of 2 M NaCl is required for them to be active. Also, when these viruses infect their
host they carry out a persistent infection type lifestyle. While these viruses appear
to be very similar, there is a small difference in their genome size as well as differ-
ences in the halophilic prokaryotes they can infect. HF1 has a 76kbp sized genome
and has three known halophilic hosts: haloferax, halobacterium and haloarcula.

HF?2 on the other hand, has a 77kbp long genome and is only known to be able to
infect Halobacterium sacchoravorum. Further investigation into the genome of HF2
revealed that it does have some similarities between the genome of a well-known
mesophilic bacteriophage. It’s genome also exhibited some mosaicism which leads
scientists to think that it’s genetic material originated from a variety of different
organisms that are not necessarily of halophilic viral origin.

The first and only haloalkaliphile type virus known to date is the tailed virus,
¢$Chl. This virus is made up of linear double stranded DNA and is 58.5 kbps long
with a GC content of 62%. This host works by invading host and integrating itself
into the hosts genome. From there the virus is known to carry out a temperate infec-
tion lifestyle and requires the molarity of NaCl to be at least 2 M in order to remain
active. While scientists were further investigating ¢pChi, this led to the discovery of
the methyltransferase gene and its corresponding protein M$Chl. It is also interest-
ing to note that the protein products produced from this particular virus app appear
to be acidic with isoelectric points ranging from 3.3-5.2 [9].

The next two halophilic viruses to be discussed were the first spindle shaped or
lemon shaped halophilic viruses discovered. Naturally these two viruses do have
a lot of similarities as well. They both are believed to be distantly related to the

fuselloviridae family but they were given their own new family classification within
the salterproviridae family [9]. They also share a common host, Haloarcula his-
panica, which they both infect in a chronic and persistent fashion [9]. They are also
noted to be not strictly lytic and are not lysogenic. Their genetic material is made
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up of double stranded DNA with a 39-40% GC content percentage [9]. An interest-
ing feature of both viruses is also that they are able to encode for their own DNA
polymerase which aides in their DNA replication within the host cell [27]. There is
a slight difference in the sizes of these viruses, His-1 being 15 kbps long and His-2
being 16kbp long [9]. Another interesting discovery when further investigation

the virus His-2, transfection experiments were carried out and this seemed to lead
to broadening this viruses host range [9]. His-2 after the transfection experiments
was then able to infect not only Haloarcula hispanica but also several Haloferax,
Halorubrum, Haloterrigena turkmenica, and Natrialba asiatica species [9].

This next halophilic virus has been one of the most extensively studied viruses,
SH1. This virus was isolated from a salt lake in Australia and it has a spherical
morphology with a layered shell surrounded by a protein capsid that also has spikes
[9, 24]. This structure is similar to other well-known mesophilic and hyperther-
mophilic phages such as PRD-1 - a gram negative phage, Bam35 — a gram positive
phage, PBCV-1 - a algal virus and STIV - a hyperthermophilic virus [9]. Its genome
is a total of 30kbp long and is made up of double stranded DNA [9]. This virus is
known to have two different hosts, Halorubrum sodomense and Haloarcula hispanica.

HRPV-1 is the shortest halophilic virus known measuring at only 7 kbps long.

Its genetic material is made up single stranded DNA with a GC content percentage
of 54.2% [9]. It is also pleomorphic in morphology and is surrounded by a lipid
envelope [9]. Its hosts consist of species within the Halorubrum genus. Another
example of a short halophilic virus is the virus HHPV-1. It has a genome that is 8kbp
in length with a GC content percentage of 56% [9]. Its structural morphology is also
pleomorphic, and its DNA is a circular double stranded DNA [9]. The host for this
virus is the archaeon Haloarcula hispanica [9].

Another identified halophilic virus is the spherical virus, SNJ1. This isolate was
collected from its hosts within the Natrinema species [28]. It’s genetic material is
composed of circular double stranded DNA and is approximately 16.3 kbps long
[25, 28]. Within its genetic sequence, 48.8-69.7% of that sequence is of GC content
[28]. While this virus’ genome has been further investigated it was noted that it is
actually identical to a known plasmid pHH205 [29]. Another halophilic virus also
isolated from species within the Natrinema genus is SNJ2. This virus is the first virus
to be pleomorphic in regard to morphology that also carries out a temperate lifestyle
[26]. The genetic material that makes up SNJ2 is a discontinuous double stranded
circular DNA that is 16.9 kbps long with a GC content of 59.1% [30]. Further
research into this virus suggests that the amount of SNJ2 viral particles present is
dependent on the presence of the virus SNJ1 within the host. This is because SNJ1 is
thought to act similarly to a plasmid, without which, ample amounts of SNJ2 is not
produced [26].

7. The importance of culture-dependent and culture-independent
studies of halophilic viruses

Within the field of microbiology, there are two different generalized approaches
that can be used to study the microorganism(s) of interest. These being the culture-
independent and culture-dependent approaches, both of which have their own
advantages and limitations. The culture-independent approach is often used by
environmental scientists that are interested in how microorganisms exist within
their natural habitat. This type of information can tell us how these microbes
respond to everyday natural elements that they are exposed to and help formulate
questions as to how they are able to adapt to changes in environment. This approach
can also give us insight into which microorganisms are able to coexist within the same
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environment and hypothesize what roles they may play with one another. While

this approach can give scientists a large amount of useful information, there are

some limitations. For example, if a mutation were to be observed across a species of
microorganisms within a specific habitat, it would be difficult to pinpoint the specific
cause. This is because in nature, there are countless amounts of influential factors to
be taken into consideration.

The culture-dependent approach on the other hand, is an approach used by
scientists within a laboratory setting. The microorganisms used to conduct these
experiments are ones that have been harvested from a type of medium within the
lab. Using this method, scientists are able to understand and better identify the
microorganism of interest as well as observe its ability to adapt to changes initiated
by researchers. Another advantage to this type of approach is that within the lab,
microorganisms can be replicated and used on a larger scale. The culture-dependent
approach is also important because this allows for isolation and purification of an
organism of interest. Once a purified culture is obtained, meaning a culture is not
contaminated by the presence of other organisms, it is able to be sent for genetic
sequencing. As previously mentioned, the ability to sequence an organism’ genetic
material not only gives scientists more information as to why a certain organism
may have certain behaviors or characteristics but it also opens an infinite number
of doors for future possible research avenues. Just like the culture-independent
approach, the culture-dependent approach also has limitations. For example, when
how a microorganism may respond to a certain change within the environment this
does not necessarily represent how it would respond in its natural habitat.

Examples of scientists utilizing the culture independent approach would be
the scientists previously mentioned Daniels and Wais. They used this method to
evaluate the fluctuation in the microbial communities within salt ponds due to rain
fall. This type of experiment would not be able to be carried out within a labora-
tory setting with the same amount of accuracy. Another example of this approach
being utilized was by scientist Oren et al. when they were collecting water samples
from the Dead Sea over a specific time period. The purpose of this was to see how
the microbial population as well as the amount of viral like particles fluctuated
throughout the year. This also would be nearly impossible to carry out accurately
within a laboratory setting. Many of the initial discoveries made of halophilic
viruses were done with this culture-independent approach.

Examples of scientists utilizing the culture-dependent approach include
studies done by Guixa-Boixareu et al. when they evaluated samples taken from a
Spanish saltern [31]. Within the laboratory they were able to assess how varying
salt concentration percentages affected the causes of prokaryotic death. It was
found that at higher salt concentrations, more prokaryotes were terminated by
amoebas or protozoans while at lower salt concentrations prokaryotic death was
more due to viral lysis [9]. Scientists Torsvik and Dundas also used this approach
to help support the environmental findings previously mentioned by Daniels and
Wais. While they were studying the halophile Halobacterium Salinarum within the
laboratory they were able to observe that the virulence exhibited by the virus Hs-1
appeared to be influenced by the saline concentrations present [9]. Their findings
also suggested that as salt concentration is increased, the rate at which viruses are
able to infect a host decrease.

In conclusion, both the culture-dependent and culture-independent methods of
research are of vital importance within the scientific community. These approaches
allow us to examine microbes within their natural habitats and from there for-
mulate hypotheses about why they behave in the ways that they do. In the field of
halophilic viruses, it is important that scientists continue to utilize both methods
to gain a better overall understanding. There is still so much information needing
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to be collected and investigated to better understand these viruses and how they
have influenced not only their environment but their possible influence on already
known and studied bacteriophages.

8. Conclusion

Halophiles have long been an area of interest for many scientists. These organisms’
abilities to withstand such harsh environments that would prove to be impossible to
others, is one of their most intriguing characteristics. While halophilic bacteria and
archaea have been on scientists’ radar longer and have been more studied, this does
not lessen the importance of the more recently discovered halophilic viruses. Both
the culture-dependent and the culture-independent research strategies that have
been used over the past 47 years have given us a great amount of insight into these
halophilic viruses. We were able to learn not only where these types of viruses can be
found but what types of prokaryotic hosts they prey upon. It has also helped us better
understand the influential role that these viruses play within the environment. They
help control and maintain the prokaryotic population, but they also have the potential
to serve as a way of genetic communication between differing cell types. Haloviruses
can appear in a wide variety of morphologies, each of which having their own life
cycles and forms of infection. Each of these morphologies taken on by halophilic
viruses can be found in hypersaline environments all over the world. It is undeniable
that there has been many groundbreaking findings when looking into halophiles
and the types of viruses than can infect them. While there is a decent amount of data
present about halophilic viruses, more research as well as more in-depth research
is needed. If we were able better understand the survival and infection methods
employed by these halophilic viruses as well as their possible influential role on the
genetics of other present bacteriophages, this would open up even more doors in the
field of halophilic research.
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Abstract

There has been an important increase in the emergence of resistance in microbial
population worldwide. This trajectory needs, necessarily new approaches to treat
infectious diseases. The ability to detect and prevent the evolutionary trajectories of
microbial resistance would be of value. Photodynamic inactivation (PDI) represents
an efficient alternative treatment for diseases caused by viruses, which can cause
infections well documented in various mammals. PDI can kill cells after exposure
with the appropriate photosensitizer (PS), light of adequate wavelength combined
with the presence of oxygen, without inducing resistance. Cytotoxic reactive
species formed interaction with vital biomolecules leading to irreversible microbial
inactivation. Bacteriophages can act on delivering antimicrobial agents into bac-
teria, which consist in a likely instrument for the treatment of infectious diseases.
Non-enveloped bacteriophages are more difficult to tolerate photoinactivation than
enveloped phages, which makes them an important model tool to evaluate the effi-
ciency of PDI therapy against viruses that cause diseases in humans. Combination of
photosensitizers and bacteriophage therapy can be employed to eradicate biofilms,
contributing to control of infections also caused by drug-resistant bacteria.

Keywords: bacteriophages, biofilm, microbial resistance, photodynamic therapy,
reactive oxygen species

1. Introduction

Despite the remarkable progress in human medicine, infectious diseases of micro-
bial origin are one of main global concern to public health [1] worldwide. The relative
unavailability of efficient drugs the misuse and/or excessive use of antimicrobials, are
some factors that make infections harder or impossible to treat, increasing the risk of
spreading diseases and deaths [2]. The gap in the discovery of new antibiotics over
the decades [3, 4] also contributes to the increased risk of infectious diseases.

The emergence of antibiotic-resistant “superbugs” and their rapid global spread
are alarming [5]. These microorganisms are members of a group known as nosoco-
mial ESKAPE (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae,
Acinetobacter baumannii, Pseudomonas aeruginosa and Enterobacter spp.), associated
with major risk of mortality in immunocompromised patients [6, 7]. Other high-
lights in the global list of drug-resistant priority pathogens are the third generation
cephalosporins (3GC) resistant Escherichia coli, fluoroquinolone-resistant Neisseria
gonorrhoeae, Streptococcus pneumoniae, Salmonella spp. and Candida auris [8, 9].
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Drug-resistant pathogens can be transmitted through the hospital environment,
increasing the severity in relation to Health Care-Associated Infections (HAIs) [10],
also causing an important economic impact especially in developing countries.

In these countries, the infectious diseases are more prevalent, and the prevention
measures requires the use of drugs that maximize costs [7]. Given this scenario,
effective antibiotics and strategies to combat antimicrobial resistance, prevent the
high number of deaths each year and an economic crisis worldwide become urgent
[11, 12]. This chapter describes photodynamic treatment, bacteriophages utilization
and the combination of both as alternative therapies for minimize the excessive
exposure of patients to antibiotic and risks of multi-resistant strains development.

2. Photodynamic therapy: past

The therapeutic potential of light has been used for hundreds of years by the
ancient civilizations in Egypt, China, and India. Also, over 3000 years ago, light
was used in conjunction with reactive chemicals to treat various conditions such
as vitiligo, psoriasis, and some types of skin cancer. In China, it was introduced
by Lingyan Tzu-Ming in the first century b.C., and, four centuries later, became a
ritual practice in which it was based on exposing a piece of green paper containing
ared dye and exposed to sunlight, then it was soaked in water and ingested right
after [13, 14].

In the last few decades, Photodynamic therapy (PDT) has emerged as a promis-
ing intervention treatment for cancer therapy. However, it is widely used in the
removal of small vessels and in the treatment of microbial infections [15]. Still, the
first concepts of the nature of light emerged in the 17th century. Preliminary work
on the properties of light, such as that of Christiaan Huygens, who used wave theory
to explain the reflection and refraction of light in 1690, and, later, the discovery of
the properties of electricity and magnetism, in the early 19th century [16, 17].

In fact, quantum theory started when Max Planck, in 1900 published an article
that explained the spectral distribution of Blackbody Radiation, which perfectly
fitted the laws of thermodynamics with the laws of electromagnetism. And in the
same year, Oscar Raab was scientifically proven to have the beneficial effects of
light. In his experiment, it was observed that the combination of light with the
acridine dye (Figure 1) was lethal for Paramecium species. In the same year, the
French neurologist, Jean Prime, discovered that oral eosin, used to treat patients
with epilepsy, could cause dermatitis when exposed to sunlight [16, 18].

According to electrodynamic theory, light consists of an oscillating electromag-
netic field that propagates as a wave through a vacuum or through a medium [16].
This means that when light propagates through space, it behaves like a wave, while
when interacting with matter, it behaves like particles [16, 17, 19]. This concept was
described by Einstein in 1905 based on the theories of Planck and Hertz for the expla-
nation of the photoelectric effect (Eq. (1)). For that, Einstein assumed that light had

N
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Figure 1.
Chemical structure of acridine.
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a corpuscular nature, that is, it would be formed by small bundles of energy (quanta)
called photons. Einstein also proposed the existence of a dependency relationship
between the photoelectric emission and the frequency of incident radiation. For this
theory to be valid, light could not be considered as a wave, but as a particle [17, 20].
Finally, in 1924, de Broglie created the hypothesis of wave-particle duality, which
was soon recognized by Erwin Schrédinger who developed the wave propagation
equation in matter in 1926 (Eq. (2)). Still during this period, other important scientists
contributed to the establishment of quantum mechanics such as, for example, Max Born
(Matrix Quantum Mechanics), Paul Dirac (Movement of sub-atomic particles), Werner
Heisenberg (Uncertainty Principle) and Wolfgang Pauli (Principle of Exclusion) [20].

Equation 1: According to Einstein, each photon has an energy proportional to
the frequency of light.

E. . =he/A 1)

photon

E = de um quantum energy of light

h = Planck constant = 6,63 x 10-34 J.s
¢ = Speed of light (3 x 10" cm/s)

A = Frequency of light (Hz)

Equation 2: Erwin Schrédinger allows to determine to find the wave func-
tion of a particle, from the knowledge of the potential energy to which it is
submitted.

2
LRIV S )
2m ot

h = Planck constant (6,63 x 10-34 J.s) squared reduced
m = Particle mass

V = ¥ Laplacian - Spatial variation of the wave function
¥ = Wave function

V =V potential that acts on the particle

i = Imaginary number given by the square root of —1

ot = Variation of wave function ¥ over time

In the same year, Policard [21] conducted a study where he detected the pres-
ence of porphyrins in high concentrations in malignant tumors. These, completely
non-toxic, were able to destroy the tumor tissue in the presence of visible light and
oxygen [21].

Later, in 1950 Schwartz demonstrated that the long-lasting phototoxic effect was
not promoted only by hematoporphyrin. The action occurred due to an oligomeric
mixture together with it. Since hematoporphyrin is eliminated quickly from the
body, Schwartz enriched the oligomer mixture and this preparation was called
hematoporphyrin derivative (HpD), which contains in addition to monomers,
oligomers containing two to nine units of porphyrin [14, 22].

In the study conducted by Weishaupt [23], it was demonstrated that the destruc-
tion of tumor cells was due to the formation of singlet oxygen molecules.

Finally, in 1993, Photofrin ® (Axcan Pharma Inc., Canada) was approved for the
treatment of superficial bladder cancer by the Canadian Health Protection Branch.
Subsequently, in 1998 the Food and Drug Administration (FDA) authorized PDT in
the treatment of cancer [24].
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3.PDT fundamentals

PDT consists of a photochemical reaction between a photosensitizing agent and
the oxygen that selectively destroys the target tissue, constituting an alternative
modality clinically approved by several health agencies in many countries [25-29].
The photodynamic effect consists of causing a powerful and sustained photochemical
reaction between light at a given wavelength, the photosensitizer (PS) and oxygen in
the target tissue. Consequently, after the irradiation of light, PS converts O, into cyto-
toxic reactive oxygen species (ROS), where cell death can occur through mechanisms
such as apoptosis, necrosis, or autophagy (Figure 2). However, recent studies have
demonstrated the existence of other mechanisms with characteristics of necrosis and
apoptosis. These new pathways of cell death, collectively called regulated necrosis,
include a variety of processes triggered by different stimuli [14, 30].
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Triplet oxygen singlet oxygen
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Figure 2.

Bagsic scheme of the photodynamic reaction. (A) Formation of ROS. (B) Porphyrin group of photosensitizer
absorbs a photon that excites it to the short-lived singlet state and may decay by non-radioactive velaxation
with heat emission or fluovescence emission to the long-lived triple state. In this triplet state, PS can interact
with molecular oxygen in two ways, type-1 and type-2, leading to the formation of oxygen radicals and singlet

oxygen [31].
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The light is formed by subatomic particles given off by atoms and are endowed
with high luminous energy, and energy differences result in different colors called
photons. The laser (Light Amplification by Stimulated Emission of Radiation)
consists of a monochromatic, non-ionizing and highly concentrated beam of
light. Each wave has identical coherence in size and physical shape along its axis,
producing a specific form of electromagnetic energy. This wave is characterized by
spatial coherence, that is, the beam can be well defined. The intensity and ampli-
tude of the beam follow the curve of the Gaussian beam bell as most of the energy
is in the center, with a rapid drop at the edges. There is also a temporal coherence,
which means that the emission of the single wavelength has identical oscillations
over a period. The final laser beam starts in a collimated form and can be emitted
over a long distance in this way. However, bundles emanating from optical fibers
generally diverge at the tip. When using lenses, all the beams can be precisely
focused, and this monochromatic and coherent beam of light energy can achieve
the treatment goal [16, 32, 33].

Photosensitizing agents (PS) consist of molecules in the singlet state in their
fundamental state because they have two electrons with opposite spins that allow
the transport and transfer of light energy for a chemical reaction, where each PS
has unique characteristics for successful activation such as wavelength and creep
intensity [34-36].

Most of them are derived from endogenous dyes and are characterized by not
being toxic to cells. The molecular structure of most PSs used in PDT is based on a
tetrapyrrol skeleton. This type of structure occurs naturally in several important
biomolecules, such as heme, chlorophyll, and bacteriochlorophyll, being called
“pigments of life” [36]. Therefore, PSs based on porphyrin structures satisfy most
of the desirable properties of PSs, such as the high efficiency of singlet generation
('0,), absorption of the higher wavelengths of the electromagnetic spectrum and a
relatively greater affinity for malignant cells, in addition, due to the internal dimen-
sions of the macrocycle cavity and the chelate effect, the porphyrin macrocycle can
coordinate transition metals in various oxidation states [36].

4. Bacteriophages and PDT

Resistance to antibiotics spreads rapidly in relation to the discovery of new
compounds and their introduction into clinical practice. In addition, the increase
in bacterial adaptation can be directly correlated to the scarcity of new classes
of antimicrobial agents. In the last decades, synthetic tailoring has been the
main strategy to improve the nuclear scaffolding established through analog
generation. Although this approach has been beneficial, this research has faced
a ‘Discovery Void’ for 30 years, of which no new class of drugs effective against
problematic ESKAPE pathogens. In addition, pathogenic microorganisms gener-
ally have the ability to form biofilms. This cellular superstructure may exhibit
greater resistance to antibiotics and cause serious and persistent health problems
in humans [37-39].

Bacteriophages (phages) are ubiquitous viruses which cause no harm to human or
animal cells but are capable to specifically infect, replicate, and kill bacteria [40, 41].
Bacteriophages have been described for delivering successfully antimicrobial agents
into bacteria, which consist in a potential alternative for the treatment of infectious
diseases [42, 43] caused by bacteria.

The first in vivo evidence of effective phage therapy against Klebsiella pneu-
moniae, one of Gram-negative bacterium of ESKAPE group listed in the critical pri-
ority tier [44, 45] as serious opportunist in nosocomial infections in the respiratory
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and urinary tracts, wound sites and blood [46], was demonstrated by Anand et al.
[47]. The authors observed significant reduction in the lung lesion severity in the
mouse model, suggesting the efficacy of a novel lytic phage VTCFPA43 therapy
against virulent K. pneumoniae infection by the intranasal route.

According to [48, 49], the delivery systems based on a phage-carrying PS
exhibit increased effective killing by the concentrated fluence at the bacterial cell
wall, and consequently, reduced side damage to the indigenous microbiota by
the site singlet oxygen. Moreover, they investigated the photodynamic effects of
the photosensitizer tin (IV) chlorin e6 (SnCe6) (Figure 3A) covalently linked to
phage 75 on several strains of S. aureus, including methicillin- and vancomycin-
intermediate strains. Pathogens such as Methicillin-resistant Staphylococcus aureus
(MRSa) show that antibiotic resistance rates are surpassing 50% in 5 out of 6 world
regions of the World Health Organization (WHO) [37, 50]. Results showed that
the phage 75 conjugated with SnCe6 was not capable to damage human epithelial
cells whereas potently showed bactericide effect against vancomycin-intermediate
and MRSa. Additionally, other exogenous photosensitizers (protoporphyrin IX
and protoporphyrin diarginate) have been successfully in vitro evaluated against
clinical strains of MRSa [51].

Acinetobacter baumannii is other important Gram-negative bacterium
multidrug-resistant involved in nosocomial infections [51]. Due its capacity to
form biofilms, they have the capacity to survive and persist in intensive care unit
environment and medical devices [52], what also make of A. baumannii one of
critical-priority pathogens encompassing the ESKAPE group, for which new
antibiotics and combating strategies are urgently needed [11, 12]. In this way,
[53] used for the first time the strategy of combining of cationic photosensitizer
(NB), structurally modified to produces ROS, and bacteriophages (APB)-based
photodynamic antimicrobial agent (APNB) for eradication biofilm formed by
multi-drug resistant A. baumannii. Both in vitro and in vivo assays demonstrated
that APBN was efficient to treat A. baumannii infection, including being more
efficient than some antibiotics when evaluated iz vivo. These results demon-
strated the potential of APNB in combating multidrug-resistant bacteria and
biofilm ablation.

Candida albicans and more recently C. auris are opportunistic polymorphic
fungal pathogens, which exhibits almost 40% mortality rates for superficial and
systemic infections in humans [54-57]. Likewise, the increasing occurrence of
antibiotic-resistant among C. albicans strains, demands new approaches to control
this life-threatening pathogen [58]. In [59], it reported the photodynamic inactiva-
tion of C. albicans by the Pheophorbide A (PPA) (Figure 3B), a chlorophyll-based

W CH3

CH2CH3
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H20C

Figure 3.
Chemical structure of (A) SnCe6 and (B) PPA.
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photosensitizer crosslinked associated with single-chain variable-fragment phage
(JM), which possesses high affinity to f-glucanase mannoprotein (MP65), an essen-
tial cell-wall mannoprotein of C. albicans. The complex PPA-JM-phage was capable
to induce a caspase-dependent apoptosis pathway in C. albicans.

The second-generation of PSs exhibits improved photophysical properties in
relation to first-generation PSs, which halogens or other substituents are added in
the meso- positions of the porphyrin macrocycle. These porphyrins present a better
activation of the ring, since the halogens act as removers of electronic density of the
ring [18]. Chlorins, which are essentially reduced porphyrins derived from chloro-
phyll bacteria fetophorides, stable derivatives of chlorophyll varieties that are found
in bacteria, are related to porphyrins and are simple to produce. Phthalocyanines
and naphthalocyanines, which are derived from azaporphyrin, have high stability,
and selectivity [36].

On the other hand, light absorption capacity is an important factor, since most
tissues present a comparatively low absorption in the spectral range that extends
from 500 nm to about 1500 nm (Table 1). This wavelength range is popularly
known as the therapeutic window or the diagnostic window (Figure 4) [26, 61].

Tissue Wavelength (nm)

630 632.8 675 780 835

Optical penetration depth (mm)

Blood 0.19 0.28 0.42 0.51

Mammary tissue 2.59 2.87 312 3.57

Brain (postmortem) 0.92 1.38 217 2.52

Brain 16

Lung 0.81 1.09 1.86 247
Table 1.

Capacity penetration (mm) of light in different tissues. Adapted from [60].
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Figure 4.

Electromagnetic spectrum and their respective wavelengths in the region of visible light as a function of the
different types of LASERs.
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5. Concluding remarks

According to the theoretical bases discussed here, PDT deserves a more central
position in the treatment of infectious diseases, since several studies report its
enormous potential and applicability on several fronts.

Bacteriophages can act for delivering antimicrobial agents into bacteria, which
consist in a potential and efficient alternative for the treatment of infectious diseases.

Delivery systems based on a phage-carrying PS exhibit increased effective kill-
ing by the concentrated fluence at the bacterial cell wall, and consequently, reduced
side damage to the indigenous microbiota by the site singlet oxygen.

The discovery of new PSs and formulations based on nano structures, in addi-
tion to the use in conjunction with already established protocols, PDT shows itself
as a strong alternative to conventional treatments.
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Chapter 5

Role of Phage Therapy in
COVID-19 Infection: Future
Prospects
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Abstract

The pandemic of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
was first reported in Wuhan City, China, in 2019. After that, the outbreak has grown
into a global pandemic and definite treatment for the disease, termed coronavirus
disease 2019 (COVID-19), is currently unavailable. The slow translational progress in
the field of research suggests that a large number of studies are urgently required for
targeted therapy. In this context, this hypothesis explores the role of bacteriophages
on SARS-CoV-2, especially concerning phage therapy (PT). Several studies have
confirmed that in addition to their antibacterial abilities, phages also show antiviral
properties. It has also been shown that PT is effective for building immunity against
viral pathogens by reducing the activation of NF kappa B; additionally, phages
produce the antiviral protein phagicin. Phages can also induce antiviral immunity
by upregulating expression of defensin 2. Phages may protect eukaryotic cells by
competing with viral adsorption and viral penetration of cells, virus mediated
cell apoptosis as well as replication. Moreover, by inhibiting activation of NF-xB
and ROS production, phages can down regulate excessive inflammatory reactions
relevant in clinical course of COVID-19. In this chapter, we hypothesize that the PT
may play a therapeutic role in the treatment of COVID-19.

Keywords: phage therapy, phage display, NF-kB, bacteriophage, SARS-CoV-2,
COVID-19

1. Introduction

Phages are infections caused by bacterial viruses and they are the most bountiful
elements on the Earth [1], due to the introduction of antibiotics their application
in clinical practice was immediately overcome in Western countries [2]. Patients
with antibiotic-resistant infections are traveling from different spots to Georgia
and Poland for phage treatments [3]. Despite all the success cases of patients, phage
therapy is still faces significant obstacles, particularly administrative issues. In
European countries and United States several on-going efforts are being led for the
acceptance of phage therapy [4]. In this chapter, we will first discuss the early and
current state of phage therapy, address the major challenges faced by phage therapy
treatment in Covid-19 infection and the future prospects in this field [5].
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1.1 Early studies of phage therapy (PT)

The efficacy of the phage treatment was confirmed when three patients having
the same infection dysentery treated with one dose of the anti dysentery phages
and recovered within 24 hours of treatment but his study was not published [1].
However, treatment of infectious diseases of humans reported in 1921 by Richard
Bruynoghe and Joseph Maisin, who used bacteriophages to treat staphylococcal skin
disease [6]. In addition, d’Herelle used various phage preparations in India to treat
thousands of peoples suffering with cholera and bubonic plague [7].

Phages mediate immune regulatory and immunotherapeutic trials that are
significant in balancing the immunological homeostasis in human [8]. It was
suggested that the viability of PT in autoimmune diseases and it can also be used
to for the treatment of infection caused by SARS-CoV-2virus [9]. To determine the
infection in mass population, a single sewage test is enough to examine the whole
population has been infected or not because RNA of SARS-CoV-2 remains stable
with the capsid [10]. However, it has been found from accessible information that
although the concentration of the virus in sewage water is high but the transmission
risk via this route is very low. This information can play a major role in managing
COVID-19 [11].

Phage display technique of producing antibodies was developed for MERS-CoV
and effectively applied in light of the fact that bacteriophages have the potential
to produce recombinant antibodies (Ab) rapidly [12]. Another Yin-Yang biopan-
ning technique features the chance of utilizing crude antigens for the isolation
of monoclonal Ab by phage display method [13]. Before using these expensive
techniques, production of artificial Ab was primarily done by using animals but it
is a slow process and less cost effective than using bacteriophage display techniques
[14]. Bacteriophage could be used to decrease the mortality rate due to Covid-19
pandemic, and for the production of artificial Ab against SARS-CoV-2 in the early
stages of infection [15, 16].

2. Interactions between phages and the immune system

It is well known that the immune system plays an important role in phage
clearance from animal and human bodies [17]. Components of the mono nuclear
phagocyte system (MPS) in the spleen and liver are major sites of phage accumula-
tion. The MPS has been credited for the quick expulsion of administered wild-type
phage A from the human circulatory system [18]. In addition, these phages can
directly interact with immune cells by either interacting with cell surface molecules
or receptors or through phage transcytosis [19]. Besides the take-up of phages, by
Ag presenting cells (APC; e.g., dendritic cells) prompts the activation of B-cells and
the exhibition of specific Ab against the phage as shown in Figure 1 [20].

3. Mode of action

In spite of the huge number of publications on phage therapy, there are only
few reports in which the pharmacokinetics of therapeutic phage preparations
is depicted [21]. Phages get into the circulatory system of experimental animals
(after giving a single dose orally) within 2 to 4 h and they reached into the
internal organs within 10 hours and can remains in the human body up to several
days [22]. In any case extra exploration is required in order to obtain rigorous
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Figure 1.
Interaction of bacteriophage with mammalian immune cells (Belleghem et al. [20]).

pharmacological information concerning lytic phages, including full-scale
toxicological research [23]. However, after few years studies reveal that not all
phages replicate correspondingly and that there are significant differences in
the replication cycles of lytic and lysogenic phages as shown in Figure 2 [11].
Moreover, it is possible that numerous therapeutic phages act through a com-
mon path; however, it may also possible that some therapeutic phages have some
distinctive unidentified genes or some unknown mechanisms responsible for
lysis of their target bacteria [24]. In a study conducted by Sulakvelidze et al.
More interpretation of these and common mechanisms is likely to produce
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Figure 2.
Mechanism of phage action in bacterial cell (Mishra et al. [11]).
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information useful for genetically engineering which was helpful in effective
therapeutic phage preparations for the treatment of Coronavirus [7].

3.1 How can ms2 bacteriophage help to fight against coronavirus?

MS2 Bacteriophage is contemplating as a control to study molecular biology
processes. It includes viral RNA replication, translation method, and physiology
of infected cells. MS2 RNA coding for viral polypeptides includes protein A, coat
protein, and RNA replicase complex. The structure of the MS2 virus comprises of
Protein A and coat protein makeup.MS2 Bacteriophage can be used as an internal
control in RT-PCR testing for COVID-19 to prevent false negative results and to
verify the efficacy of the sample preparation and absence of inhibitors in the PCR
reaction [25].

4. Phage therapy in humans

Human phage therapy has been practiced in France since 1919, d’Hérelle
carried out very extensive studies especially in fowl typhoid and in cholera. In
1921 Bruynoghe and Maisin, Belgium reported that injecting phages target-
ing Staphylococcus near the base of cutaneous boils (furuncles and carbuncles),
prompted improvement within 48 hours includes reduction in irritability [26-28].
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A study conducted in by G. Lang revealed the utilization of bacteriophage in
seven patients with chronic orthopedic infections with antibiotic resistant organ-
isms. He was able to fix two out of seven cases of hip prostheses (after removal of
the prostheses) infected by Gram-negative bacteria, one case of tibial osteomyelitis
because of the infection caused byProteus spp., Staphylococcus aureus and Klebsiella
spp.; one instance of septic arthritis of the knee caused due to Enterobacter spp. and
Staphylococcus aureus, one case of septic non-union of the femur due to pan-drug
resistant (PDR) Providencia [29, 30]. Henri de Montclos expressed that phage appear
to be safe for human cells though potentially there could be problems associ-
ated with their modes of preparation. He also stated about propagation on media
produced from animal tissues [31].

The Pasteur Institute stopped making therapeutic cocktails of phages but few
French physicians have continued to use phages therapeutically and obtaining
their phages from Russia or Georgia. Infections through Staphylococcus appear to
be the most common target which was treated by phages. In 2011 Abedon et al.
reported successful phage therapy in two patients from France and Australia who
had strong history of antibiotics treatment and other therapies [32]. There are many
body places, where phage therapy have been applied and investigated as shown in
Figure 3 [33].

5. A future for phages

The research on phages and their possible antiviral properties are fundamental
and should be approved by meticulous iz-vitro and in-vivo studies. If lab research
shows some promising results, then it could be possible to have clinical research and
randomized stage from one to three human trials to prove their therapeutic utility.
Phage therapy may likewise hold promise as a treatment for SARS-CoV-2 [11].

The bacterial growth rate might potentially be diminished by the aerosol use
of bacteriophages that prey on the original species of bacteria responsible to cause
respiratory failures [34]. This can occur in a self-administrative manner, similar
to prey—predator regulation in ecosystem. The remarkable development of the
bacteriophage population should allow for a fast clearance, particularly in situations
where the bacterial population has already grown significantly [35].

In a study conducted by Prazak et al. in 2020, they found the evidences that pneu-
monia can be treated by nebulized bacteriophages. Target bacteria that commonly
cause respiratory problems and selection of bacteriophages can be quickly identified
through screening method and by group of experts. Prophylactically administered
bacteriophages decreased lung bacterial burdens and improved endurance of
antibiotic resistant S. aureus infected animals with regards to ventilator-associated
pneumonia [36]. It should be ensured to have the right selection of bacteriophages
that target both the optimal bacteria and should be most effective against bacterial
population growth. The bacteriophages should not interfere with the patient’s innate
or adaptive immunity. It is also very necessary to rule out that patient does not have
antibodies toward bacteriophages used, nor develops any antibodies toward bac-
teriophages to clear off the bacteriophage earlier than to SARS-CoV-2. If required,
quantitative microbiome sequencing can be used potentially in phage therapy [16].

Another obstruction could be a risk of particular species of micro-organism
which may develop resistance to the bacteriophage [37]. However, this would be
significantly less serious than the drug resistance problem as it would just reduce
the efficacy of that one bacteriophage and there is the chance of the bacteriophage
also adapting to overcome any resistance to it. They are much specific to one species
of bacteria and there is very minor possibility of the bacteriophage damaging any
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beneficial bacteria but still these things need to be verified through clinical trials.
It has to be noted that decrease bacterial growth in critical time of illness allows the
patient more time to recover from the SAR-CoV-2 infection [16].

6. Development of a phage display panning strategy

The phage display technology is based on the integration of a gene encoding
a peptide or a protein fused with the phage coat proteins was first described by
George Smith in 1985 [38]. The most broadly used coat proteins for display are the
PVIII and PIII proteins; however, other coat proteins likewise been utilized for dis-
play. As a result of its high copy number (~2700 copies), the PVIII protein has been
just utilized for the display of small peptides due to conformational issues hamper-
ing capsid formation. The PIII system, on the other hand, with its low copy number
(5 copies), allows the display of larger molecules such as recombinant antibodies
[12]. The first phage display system as shown in Figure 4 displaying antibodies was
explained by Mc Cafferty et al. in 1990. They effectively showed variable regions of
antibody on phages by using immunoglobulin variable genes of hybridomas and B
cells [39]. After its innovation, phage display technology has been extensively used
for the research and discovery of antibodies or peptides against a large variety of
antigens in many fields of application such as toxicology, drug discovery, immuni-
zation, epitope mapping and virus or toxin neutralization by using phage peptide
and antibody libraries. Phage display technology has been intensively used for the
production of neutralizing antibodies as shown in Table 1 [40].

Various antibody libraries of different methodologies and strategies have been
screened against SARS-CoV-2 spike protein and its receptor binding domain (RBD).
Few studies have focused on screening previously developed libraries against SARS-
CoV and MERS-CoV and finding cross-reactive antibodies. Others have performed
screenings against semisynthetic or synthetic antibody libraries [41]. Phage
displayed single-domain antibody was previously developed from llama, which
simultaneously neutralizes the S antigen of SARS-CoV and also help in the neutral-
ization of S antigen of the pseudotyped virus SARS-CoV-2 as a bivalent human IgG
Fc-fusion protein. A selected antibody has high affinity to RBD, for this a library
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Figure 4.
Schematic presentation of phage display systems (Bazan et al. [12]).
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Methods Original Reformated antibody Target region In vitro/in vivo mode
antibody
Phage Single- Bivalent human IgG Fc SARS-CoV-2 Pseudotyped virus
display domain fusion protein Spike antigen and SARS-CoV-2 virus
antibody neutralization assay
from llama
Synthetic CDR3 Diversification by SARS-CoV-2 Pseudotyped virus
human Fab mutations Spike antigen neutralization assay
library RBD
Single- Grafting naive CDR RBD domain Pseudotyped virus
domain regions into the and the S1 neutralization assay
antibody framework region of an subunit of
allele in human antibody SARS-CoV-2
heavy chain variable
region
Naive Human IgG1 antibody SARS-CoV-2 Pseudotyped virus
human scFv (4A3) RBD neutralization assay
antibody
Domain Fused with human Fc SARS-CoV-2- Pseudotyped virus
library RBD and SARS-CoV-2 virus
neutralization assay
Table 1.

Phage display strategies for neutvalizing antibody development (BalcioGlu et al. [15]).

constructed and screened against the RBD domain of the SARS-CoV-2 spike antigen
known as phage displayed synthetic human Fab library [42].

ELISA and pseudo typed virus neutralization assay. A phage-displayed single-
domain antibody library has been developed by grafting naive CDR regions into the
framework region of an allele in the human antibody heavy chain variable region.
They made affinity selection against the RBD domain and the S1 subunit of SARS-
CoV-2 and chose several neutralizing antibodies, including a “cryptic” epitope
located in the spike’s trimeric interface. A site directed screening was performed in
a naive human scFv antibody library and domain antibody library by phage display
against SARS-CoV-2 RBD. After several rounds of screening, they obtained 9
enriched clones from the domain antibody library and a single clone from the scFv
antibody library. The scFv clone was reformatted into a human IgG1 antibody, while
the domain antibody clones were fused with human Fc tag. A potential neutralizing
effect of these recombinant antibody structures revealed with pseudotyped virus
neutralization assay [15].

The future of phage therapy is not necessarily to replace current therapies,
rather there is potential for clinical applications to enhance and provide another
treatment for infections. Research in this area is likely to grow at an exponential
rate. However, the full potential of phage therapy can only be accomplished when
there is transparency and an eagerness to share knowledge as well as resources.
Preferably, phage libraries should be freely accessible through a network of col-
laboration, information on preparation and delivery methods for phages implied
for clinical usage should be well documented. Phage articulation and delivery are
also critical considerations in order to direct activity to targeted areas and maxi-
mize efficacy. In fact, use of phage therapy already appears to be as of now gives
off an impression of being composed in different nations, and by major public
health institutes such as Therapeutic Goods Administration (TGA) (Australia),
Food and Drug Authority (FDA) (United States of America) and the European
Medicines Agency (EMA) (Europe). Importantly, a universal code of ethics should
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be established and regulatory bodies reach a consensus on the exchange of informa-
tion, usage of phages as treatment and reporting of treatment outcomes. Due to

the critical nature of the rise of multiple drug resistance (MDR), expanding the
urgency for phage therapy to be implemented as standard consideration, alternative
therapies to be translated into clinical applications need to be expedited. A con-
certed effort with both national and international partners could see phage therapy
being translated into standard care in the next 5 years [33].

7. Phages as potential inducers of antiviral immunity

There are also data suggesting that phages may drive antiviral immunity by induc-
ing antiviral cytokines, for example, IFN-o and IL-12. An experimental study that
phage RNA may induce IFN-a in human granulocytes [43]. Recently, Sweere et al.
demonstrated that Pf phages (and phage RNA) endocytosed by leukocytes trigger
TLR3-dependent pattern recognition receptors and inhibit TNF-driving type I IFN
production [44]. The phage-dependent virucidal sign in the lungs could be happen
in the phage has capable enough to penetrate the body organ through various routes;
therefore phage therapy has been applied successfully in respiratory tract. Intriguingly
a fine respiratory microbiome including bacteriophages, during the event of viral
pathogens even such as Corona virus is also related with quite low percentage of
phages. Recent data indicate that Lactobacillus, E. coli and Bacteroides phages and phage
DNA may stimulate IFN-y production via TLR9 activation. IFN-y is another potent
antiviral cytokine. Although, the increase TNF level might cause significant risk of
virus replication. Hence, a therapeutic agent could regulate TNF production to keep the
values at normal level for patient could be appreciated. Pre-clinical studies suggest that
viral pneumonia may be cured by anti-TNF therapy. As increased levels of TNF are in
blood samples and tissue from patients with COVID-19 may be inhibit TNF production
through phage, which is confirmed by other author’s previous reports that showed
phage may down regulate TNF-a level in serum and lungs of mice with experimental
acute pneumonia. Interestingly, clinical phage therapy may reduce TNF production
when its pre-treatment level is high and increase it in low responders [45, 46].

These informations might be considered as a relevant argument for phages as
a potential agent that could help to decrease TNF levels, allowing for appropriate
antiviral immune responses in COVID-19 while reducing the risks of excessive
immunosuppression. Different Phages may also interact with TLR [47]. TLR2 is
involved in antiviral responses as a result of recognition of the repeating protein
subunit patterns common to many viral capsids. [Induction of Antiviral Immune
Response through Recognition of the Repeating Subunit Pattern of Viral Capsid Is
Toll-Like Receptor 2 Dependent]. Other antiviral effects could be mediated by the
A5/80 Staphylococcal phage through its ability to increase the expression of the
IL-2 gene. IL-2 drives NK cell activity, which is important in defines against viral
infections [47]. Phage can also induce antiviral immunity by up regulating expres-
sion of defense in IL-2, and recently shown that the T4 phage may induce a marked
up regulation of gene coding for hBD2, a multifunctional peptide expressed mainly
in epithelial cells with antiviral activity. Virus replication disrupt by the peptide
through the binding of the virus by hBD2, decrease viral replication and modula-
tion of signaling pathway essential for virucidal effects, even do the recruitment of
immune cells contributing to antiviral activity leading to down regulation of cyto-
pathic effects in human alveolar and laryngeal epithelial cells [48]. In some experi-
ment studies in mice have revealed a co-relation between beta-defensin expression
and pulmonary immunity. Moreover, participation of hBD2 in antiviral defenses in
the respiratory tract has been confirmed in human disorders [49].
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It was advised that phages could be reintroduced for the treatment of not only
bacterial, but also other infections such as viral and fungal infections (Adv, Epstein—
Barr virus, Aspergillus fumigatus, Candida albicans). It showed that there is evidence
that proof phage could be comprised in current treatment being studied for re-
purposing in the therapeutic treatment of COVID-19. According to Gorskiet et al.
phage in COVID-19 could be in an adjunct antiviral therapy, which is quite similar
to the current trend ofcombined phages with antibacterial treatment in bacterial
infections. In other way, a standard phage therapy could be considered for the
treatment of bacterial complications of COVID-19, which occur in >40% of patients
[45, 50]. Phages may act as shield for eukaryotic cells by competing with surface
assimilation and viral penetration of cells; virus mediated, programmed cell death
as well as viral replica. Phages may also arouse antiviral immunity during contrib-
uting to a equal immune response. Moreover, by inhibiting activation of NF-xB
and ROS production, phages can down regulate extreme inflammatory reactions
relevant in pathology and clinical course of COVID-19. The data presented in this
which was judged are often preliminary but suggest that further studies centered
on the potential of phage therapy as at least an adjunct treatment of COVID-19 are
warranted. Both general and remote safety of phage therapy was corroborating in
human viral diseases. Therefore, extensive studies comprising relevant clinical trials
are needed to prioritize applicability of phage to help fighting against COVID-19
pandemic [45].

8. Production of industrial phage propagation strains

The development of new page-based resources using traditional methods can be
an on-going issue that may require hundreds of species to be treated with plasmids,
active prophages, perhaps other mobile genomic elements. However, given the
recent breakthroughs in synthetic biology and advances in re-integration with
genetic engineering methods, this need not be the case. Even a given phage infects
a particular type of bacterium strain from the affected species depending on the
bacterial characteristics and the phage [45].

Metabolic compatibility of a bacterium with a phage to support the propagation
of the phage in an already existing infection appears to be specific to certain species,
but is sometimes extended to more than one species of bacteria of the same or dif-
ferent genera. Definitions of phage acquisition differentiation encoded by a variety
of similar species include genes that include phage receptors or their means of inte-
gration and restriction-modification systems associated with the phage. In addition,
bacteria, encrypt phage defense process but these mechanisms fortify the bacterium
itself from infection through certain pathogens or through the propagation of
phage, or induce apoptosis to protect people from the spread of the disease [45].

The distinct indicators of phage determinants are reversible between the strains
of given species. Bacteria can gain or lose sensitivity to an appropriate phage or the
ability to support the phage development by mutation-recombination-, or horizontal
genetically modified changes in their phage orientation or phage defense determi-
nants [51]. There are so many genes which are analogous with phage resistance or
susceptibility exposure is carried by mobile genetic elements. Key features of Phage
that are important of a metabolically-compatible host include the interaction of
phage receptor-binding proteins and receptors on the surface of the bacterial cell,
alignment of the phage genome with the bacterial restriction-modification mutation
system, or the ability to prevent bacterial action by bacterial restriction-modification
systems or by encoding efficient anti-restriction mechanisms. In addition, to
infect bacteria, phage reproduce effectively, protein-induced phage allows them
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to overcome bacterial phage-resistant strains, such as anti-CRISPR proteins and
proteins that inhibit the action of Abi systems or toxin-antitoxin (TA) [51, 52].

The structure of each phage and its infectivity for a specific host are determined by
the genetic makeup of the phage. The only factors determined by phage handling are
considered to be some epigenetic alterations, which are patterns related to host DNA
methylation [52]. They have a significant impact on the functioning of new host infec-
tions by a phage; play a very important role in horizontal gene transfer through bacte-
riophages. Therefore, in addition to the species-specific metabolic pathways specific to
supporting the efficient propagation of a given phage and which should be equipped
with surface receptors for this phage attachment, envelope structures of cell susceptible
to the action of the phage lytic protein, and a block-conversion modification system
that will allow in this case to infect the desired set of phage in clinics [45, 53].

Removal of such strains of genetic determinants of other phage defense mecha-
nisms (e.g., CRISPR/Cas, Abi, or TA loci), if there is a genetic mutation, can extend
the number of phages it can propagate to its cells to phage infecting the strains of
the same species and uses the same receptors, but is in capable to overcome the
suitable defense. The discovery of sensitivity to several specific phages upon the
abolishment of various bacterial phage defense systems has been demonstrated in a
number of cases. A good future strategy for finding the therapeutic phage propaga-
tion strains of desired properties may be the construction of a bacterial chassis of
selected clinically relevant pathogenic species. In synthetic biology, the chassis
refers to the microorganism that serves as the basis for genetic engineering and to
support them by providing resources for basic tasks, such as replication, transcrip-
tion, and translation mechanisms [45, 53-55].

The common strains of bacterial chassis that will serve as the basic platforms for
construction of industrial phage propagation should have genomes reduce their com-
plexity and unnecessary genetic content by the depletion of most of the transposable
element as well as virulence and phage resistance determinants method called asa
top-down strategy of the genome reduction process [54]. In addition, they ought to
be prepared for the introduction or exchange of genomic modules which enable these
strains to function as microbial cells in the use of selected treatment phage. Methods
to allow the elimination of mobile genetic elements and other genes are used for
genetic reshuffling recombineering, oligo-mediated allelic replacement, or genome
editing using CRISPR/Cas-assisted selection of clones for model bacteria, or even
on a genomic-wide scale. A repertoire of engineering tools that enhances genomic
deceptive ability in bacteria other than E. coli uses new and ever-evolving techniques,
providing ways to classify genomes belong to particular genera represented by prob-
lematic bacterial pathogens, including potential phage propagation strain [45].

The results of studies on micro-organisms that were cured of some or most of
the recombinogenic or mobile genetic elements (including prophages) indicate
many more benefits. The strain, Escherichia coli K-12 with a genomic reduction by
approximately 15% by the removal of mobile DNA and cryptic virulence genes. Due
to these changes this strain preserved good growth profile and protein production as
well as the accurate propagation of recombinant genes and plasmids that could not
be stably propagated in other strains [56]. Apart from phage capacity in combating
different bacterial infections, emerging evidence suggests role of phages in viral
infections as well treatment. Many viral illnesses do not have specific treatment
and same antiviral drugs have been used for different viral diseases [57]. Thus, in
our opinion, the construction for the propagation of therapeutic phages, of chass
is strains equipped with certain phage susceptibility determinants and depleted
of phage resistance determinants as well as certain mobiles genetic elements or
virulence determinants will not only ensure the safety of therapeutic phage prepa-
rations, but will also reduce the cost of phage production substantially [58].
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This reduction will be a result of:

i. It helps in reducing the number of strains required for the production of
different types of phages.

ii. No need of evaluating phage preparations for the composition (temperate
phages and toxins) of undesired elements.

iii. It helps to increase the fitness and stability of these strains in the commer-
cially production of therapeutic phages.

In addition, to single fundamental strain establish for a microbial species can
serve as a platform for the enrichment of its genome with several gene cassettes
required for the propagation of several phages. Further work to remove additional
undesired genomic elements from the genomes of these strains is in progress [45, 59].

9. Phage-based vaccines

Phage-based vaccines offer significant potential advantages by building up a
stage approach with the ability to quickly switch the vaccine in response to muta-
tions in the Coronavirus. Also, vaccines based on phages are self-fulfillment, which
means they automatically activate and boost immune response, with the ability to
show multiple antigens. The therapeutic use of phage in humans is well understood
and has a favorable safety measures. Recent studies recommended the immune
response to SARS-CoV2 could be transient and need frequent booster vaccinations
to manage defensive levels of immunity [60, 61].

The possible advantages of phage-based vaccines incorporate flexibility for route of
administration (mucosal and intramuscular), including a potential oral drop, adapt-
ability to virus mutations, quick progression and cost-effectiveness. These advantages,
along with the known safety profile, offer hope as a potential tool in reducing this
pandemic. Moreover, countries have the potential to increase productivity rapidly.
Researchers are fully committed to combat the impact of this public health crisis [60].

9.1 Benefits of phage-based vaccine over other vaccine technologies

It offers the phages with excellent safety measurements.
* Quickly adaptation of new vaccines to potential mutations in coronavirus.

* Lower cost of manufacturing in comparison with alternative vaccine
approaches.

* Self-adjuvanting to provoke immune response

10. Challenges to build phage libraries

The main challenges in treating phage are:

1.Doctors need to know exactly what type of bacteria is causing the
infection.

2. They must have various specific phages target that strain, easily available, in
fact from a large phage library that can be tested to find the right phage a cock-
tail that matches the bacteria.
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To address latter problem, many pharmaceutical companies are reluctant to
committed resources to improve treatment and therapy. That is because phage
treatment is almost 100 years old, making it difficult to patent and raise income to
allow for the initial cost of development. Lack of regulatory permission to manage
the treatment of the page is problematic. Phage cocktails need to be customized for
each patient’s infection and regularly organized as the bacteria mutate and improve
resistance as shown in Figure 5. Regulatory agencies such as the US Food and Drug
Administration (FDA) currently do not have the necessary review and approval
mechanisms to be able to accept your identity and adapt to a greater degree. The
experimental design that benefits from genomic sequence and mass spectrometry
will soon meet the need for rapid and accurate microbial identification. A second
barrier to phage treatment, the need for easily accessible therapeutic phage, could
ultimately be met to some extent by the U.S Medical Research Centre and differ-
ent groups around the world are presently building phage libraries as shown in
Table 2 [63].

Looking forward, other technological innovations could help make the phage
treatment more specific and help with patent issues. For an example, phages can
at last be developed using CRISPR/Cas9 genetic engineering strategies to kill only

Library construction Biopanning
st b oy b s b
v,

Incubation
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Figures.
Phage display method to build library of peptides and proteins variants (source: Almagro et al. [62]).

Library Name Company/ Repertoire Display Size
Laboratory Format

XFabl Xoma Naive Fab 31x 10"
XscFv2 Xoma Naive scFv 36 x 10"
HAL9/10 TU-IB (b) Naive scPv 1.5x 10"
KNU-Fab KNU () Naive Fab 3.0 x 10"
pIX V3.0 Janssen Bio Synthetic Fab 3.0 x 10"
HuCAL PLATINUM MorphoSys Synthetic Fab 4.5 x 10"
Ylanthia MorphoSys Synthetic Fab 13 x 10"
PHILO Diamond ETH Zurich Synthetic scFv 41x10"
ALTHEA Gold Libraries GlobalBio/ADL Semisynthetic scFv 21x 10"

Source: Almagro et al. [62].

Table 2.
Example of Phage display antibody libraries.
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resistant micro-organism. Some agencies there may also be eligible for patents on
separate phage or phage cocktails, making them a viable commercial investment [63].

No matter what the future holds for the treatment of the phages, most experts
agree that the phage treatment will never completely replace antibiotics. Instead,
this method can be used in combination with antibiotics, or as a last resort to pro-
tect patients with diseases that have not responded to other treatments. Given the
alarming increase in the number of life-threatening multidrug- resistant diseases in
recent years, the need to investigate the potential role of phage and other alternative
to antibiotic treatments is urgently required [64, 65].

11. Conclusion

The progressing SARS-CoV-2 related COVID-19 pandemic is persistently emerg-
ing worldwide and signifying the greatest spotlight on public health, education,
travels, and monetary conditions in the current world. As irresistible situations
have no borders because there is no single specific therapy that may give effective
responses toward COVID-19. Thus, a worldwide activity intends to make phage
therapy worldwide overall accessible is required. This obviously requires an active
joint effort between countries for overcoming logistic and administrative challenges
and among clinicians and researchers for filling current knowledge gap and encour-
aging advances in the field.

How would it be advisable for us to deal with the current infection prevention
and control a strategy which also works after the epidemic? How could we react to
similar contagious diseases in the future? These are open questions which require
further discussion and research. While phages may have the potential to play a
role in the current pandemic, it is also very important to understand that there is
no magic stick for this pandemic. The current situation highlights the urgency for
adhering to clinical pharmacology, therapeutic, preventative and diagnostics inter-
ventions to optimize COVID-19 therapies. The instant and cell free production of
synthetic phages, whether designed or not? This had considerable advantages over
classically produced natural phages. Implementation of the right patient, right drug,
right dosage, and right timing approach helps to reduce the rate of infection. Finally,
adaptive designs for COVID-19 will lead to the development of more vigorous infec-
tious disease research infrastructure and funding to help mitigate future pandemics.
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Chapter 6

Fecal Virome Transplantation

Derek Lin and Henry C. Lin

Abstract

The gut virome consists of a large population of eukaryotic and prokaryotic
viruses that have an emerging role in human health and disease. Growing evidence
for the importance of the virome includes recent findings on fecal virome trans-
plantation (FVT) that suggest FVT may have therapeutic potential for the resolu-
tion of dysbiosis and treatment of dysbiosis-related disorders. Most viruses in
the gut virome are bacteriophages (phages), which have a well-established role in
regulating bacterial communities across environments. Phages also influence health
and disease by interacting directly with the host immune system. The full extent to
which gut phages should be considered as both a target and a tool for microbiome
modulation remains to be seen. This chapter will explore the current understanding
of the gut virome and the therapeutic potential for FVT.

Keywords: dysbiosis, virome, bacteriophage, phage therapy, microbial therapeutics

1. Introduction

While the role of the bacterial community during fecal microbiota transplantation
(FMT) has been the focus of extensive investigation, there has been substantially less
examination of the viral community. The growing body of research on the viruses of
the gut microbiome, referred to, herein, as the gut virome, points to their role as an
important regulator of gut homeostasis [1-4]. This occurs through the modification
of microbiome structure, composition, and function by gut bacteriophages [5-9], as
well as through direct interaction between the enteric virome and the human immune
system [4, 10-14]. In line with the gut virome’s regulatory role, several recent studies
have shown that fecal virome transplantation (FVT), a procedure similar to FMT
albeit filtered to exclude intact fecal bacteria, has potential for resolving gut microbi-
ome dysbiosis and restoring a healthy microbiota [15-18]. The full breadth of possi-
bilities for FVT are only now beginning to unfold, but this emerging field of study has
produced exciting findings that suggest FVT may be a versatile therapeutic treatment
for multiple forms of dysbiosis. Not only has FVT been used effectively for clinical
treatment of Clostridium difficile infection (CDI), but promising preliminary results
suggest FVT has potential for resolving other dysbiosis such as those associated with
diabetes and small intestinal bacterial overgrowth. In this chapter we will be reviewing
the current state of gut virome research and discussing the clinical potential for FVT.

2. The gut virome

The gut virome consists of a robust and diverse community of eukaryotic and
bacterial viruses, with bacterial viruses (herein referred to as bacteriophages,
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or phages) estimated to make up between 90% [19] and 97.7% [20] of the member-
ship of the gut virome. Approximately 10" viruses, comprised of ~1200 virotypes,
reside in the gastrointestinal tract at any given time [21], a population that is
roughly 10 times that of gut bacteria but comparable in diversity [22, 23]. However,
the ratio of phages to bacteria is approximately 1:1 in the infant gut suggesting the
population changes over the course of development [24]. Like microbiome com-
position, virome composition is highly responsive to diet and when individuals are
placed on the same diet, their viromes have been found to converge [25]. However,
once established, the human gut virome has been shown to have high inter-indi-
vidual variation [26], sufficient enough for viromes to be distinguishable between
related individuals, such as between infants and mothers [27]. Individual viromes
are also stable over time and approximately 80% of gut viruses have been shown to
persist over a 2.5 year period [28]. At the population level, metagenomic analysis
of viromes has demonstrated that there is a core of shared viruses among viromes
within a population that can be used to distinguish between other geographically
distinct groups [29, 30]. Recent findings by Manrique and colleagues have sug-
gested that there is also a globally distributed set of core phages that are considered
to constitute a “healthy gut phageome;” in part, because the prevalence of these
phages is significantly decreased in the setting of inflammatory bowel disease (IBD;
[31]. Specific phage community compositions and structures are associated with
specific gastrointestinal and extraintestinal diseases including colon cancer [32],
IBD [14, 33-36], rCDI [16, 37], and diabetes [15, 38].

3. Phages in the gut

As the dominant members of the gut virome, phages have been the focus of
studies on the role of the gut virome in health and disease. Phages are ubiquitous
viruses that are the most abundant biological entity in the world and can be found
anywhere that bacteria can be found. Studying phages in the gut presents a number
of difficulties. The first of which is that phages lack a universal marker, such as the
16 s rRNA gene in bacteria. Second, since phages depend on their bacterial hosts
for reproduction and only 39% of bacteria in the gut can be cultured [39], many
phages that are associated with the other 61% cannot be cultivated. This means that
modern phage research largely depends on costly and labor-intensive viral metage-
nomics, which also presents challenges due to the immense genetic diversity of
phages, the lack of a robust virus metagenomic classification, and still nascent use
of bioinformatics to evaluate data set generated from viral metagenomic analysis.
Much phage research has revolved around the practice of phage therapy, which has
been used for over 100 years in some Eastern European Countries to treat single
strain bacterial infections. The emergence of antibiotic resistance has led to phages
gaining recent attention for their potential as an alternative to antibiotics [40]. In
phage therapy, patients are administered solutions of individual phage strains, or
multiple strains (i.e. phage cocktail), which are selected through iz vitro screening
for their specificity to the single bacterial agent causing the infection and for their
effectiveness in eliminating that one bacterial species. Much of the interest in phage
therapy rather than antibiotics is based on the specificity of phages to target a nar-
row host range, allowing for the targeted elimination of a bacterial pathogen while
leaving commensal bacterial members of the microbiome intact, and the ability of
phages to self-propagate upon infection of their bacterial host.

In general, there are two types of phages: lytic and temperate. Lytic phages
reproduce via the lytic cycle and temperate phages use the lysogenic cycle
(Figure 1). Conventional phage therapy uses lytic phages because in the lytic
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Figure 1.
Reproductive lifecycles of phages.

lifecycle, phages infect a bacterial host, hijack the host machinery for replication

of viral progeny, and eventually lyse the host cell and the release of novel phage
progeny. In the lysogenic lifecycle, a temperate phage infects a bacterial host and
integrates its viral DNA into the bacterial chromosome as a prophage. This process
does not always end in cell lysis, instead the prophage can reproduce by propagating
with the bacterial chromosome during replication. Harmful environmental stimuli
in the gut, such as oxidative stress [41], antibiotics [42], or other unfavorable condi-
tions for the bacterial host [43], can result in the induction of the prophage into the
lytic cycle, thereby resulting in the lysis of the bacterial host and release of novel
phage progeny. However, Lysogenic (temperate) phages are generally not used in
phage therapy because lysogeny is a mechanism for bacteria to exchange DNA so
lysogenic phages carry the potential for propagating genes for pathogenesis.

While lytic phages are largely seen as parasitic to their bacterial hosts, temper-
ate phages and their host bacteria have a much more complicated relationship.
Temperate phages are important drivers of bacterial evolution [44], in part through
their role in horizontal gene transfer between bacterial hosts. Temperate phages are
common in the gut and studies have found that a large proportion of bacteria in the
microbiome have temperate phages incorporated into their genomes as prophages
[21, 45]. For the bacterial host, carrying prophages has several fitness benefits.
Prophages encode genes for metabolism, antibacterial resistance, and toxin produc-
tion (for example, shiga toxin production) [9, 46], thereby conveying functional
genes for survival to their bacterial hosts upon integration with the bacterial
chromosome. Prophages also protect their hosts from infection by lytic phages
through superinfection exclusion [47]. Phage-mediated horizontal gene transfer
between bacterial hosts increases rates of genetic recombination and diversification
of phage-encoded genes in the gut [48].

Composition, structure, and function of the gut virome contributes to health
in a number of ways [49], as reviewed by Mukhopadhya and colleagues [50]. The
coevolution between phages and their bacterial hosts is a well-established mecha-
nism for driving the development of microbial communities across environments
[44]. This is also the case in the gut environment where phages are thought to
modulate the microbiota and, in turn, affect human health. A longitudinal study of
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gut microbiome and virome composition in healthy infants found that expansion
of gut bacterial species was accompanied by contractions and shifts of gut phage
populations, suggesting that phage predation of targeted bacteria may help drive
the development of a healthy infant gut microbiome [51]. Conversely, in the setting
of dysbiosis, changes in the gut phage population have been shown to precede the
onset of type 1 diabetes in children [38]. Phages are also thought to form a protec-
tive barrier in the mucosa of the gastrointestinal epithelium, thereby providing

the host tissue with non-host-derived defense against pro-inflammatory gut
bacteria [52]. Experimental evidence suggests that they do this by using their Ig-like
domains expressed on the viral capsid to attach to the glycan molecules of the host’s
mucin glycoproteins. Growing evidence now implicates a role for phages of the
mucosa in states of dysbiosis, which have been characterized by an increased rich-
ness and abundance of the mucosal temperate phage population [9, 14, 34, 35, 53].
These changes in the phage community is opposite that of the bacterial community
in which decreased richness and diversity characterize dysbiosis.

The virome also influences health through direct interaction with the human
immune system by triggering both pro- and anti-inflammatory action [4, 10-14].
Phages are capable of activating TLR9-mediated IFNYy, a pro-inflammatory path-
way that exacerbates intestinal colitis [14]. Conversely, phages can also ameliorate
inflammation through TLR3- and TLR4-mediated interferon-p activation [11].
Several studies have found elevated abundance of phages in the mucosal surfaces of
patients with IBD [36, 53]. Other studies have found an expansion of phages from
the order Caudovirales in the setting of inflammatory bowel disease [34, 54, 55].
Norman and colleagues speculate that phages may contribute to, or be a biomarker
for, inflammation and dysbiosis in the gut. Collectively, these studies indicate that
phages have an important role in gastrointestinal disorder and potentially, in the
corrective response to dysbiosis.

4. Therapeutic potential for FVT

In the setting of FMT, a large population of phages is transferred from the FMT
donor to recipient. Feces contain approximately 10° virus-like particles per gram,
a density similar to that of fecal bacteria, and phages account for upwards of 90%
of all fecal virus-like particles [19]. It follows that the large transfer of fecal phages
during FMT could have a physiological effect on the FMT recipient. In attempting
to examine the role of fecal phages during FMT, several recent studies have not
only characterized a state of virome dysbiosis in the setting of recurrent C. difficile
infection (rCDI), but also have shown that recovery is associated with uptake of a
healthy virome from the FMT donor [16, 37, 56]. A study of one FMT patient found
that the patient had adopted the donor’s phage community after 7 months, even
when the patient’s microbiome maintained a dysbiotic composition. The micro-
biome resembled that of the healthy donor a year later [16]. This observation that
the adoption of a ‘healthy’ phage community precedes resolution of dysbiosis may
suggest a role for phages in promoting and maintaining a healthy microbiome. This
possibility is further substantiated by Zuo and colleagues who found that successful
recovery from rCDI after treatment with FMT was associated with a high level of
colonization by the donor’s phage community in the recipient’s enteric virome [37].
Another study showing long-term stability of the FMT recipient’s virome found that
the donor’s phage community maintained colonization of the recipient 12 months
after treatment [56]. Similar findings have been observed in clinical trials for FMT
as an intervention for pediatric ulcerative colitis [57].
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Additional evidence for the active role of phages during FMT comes from stud-
ies on fecal virome transplantation (FVT) showing that the sub-bacterial fraction
of aFMT (i.e. bacteria removed) can manipulate the composition and structure of a
recipient’s microbiome [15, 18, 58]. One clinical study found that a fecal suspension
that was filtered to remove bacteria, while leaving phages and other sub-bacterial
particles intact, was sufficient for effective clinical treatment of rCDI and resto-
ration of a healthy microbiome [58]. Similarly, Kao and colleagues found that a
sterilized fecal filtrate was sufficient for treating rCDI [59]. Using another clinically
relevant model of dysbiosis, Rasmussen and colleagues demonstrated thata FVT
from lean mice was effective at reducing weight and symptoms of diabetes type 2
in obese mice fed a high-fat diet [15]. The investigators also showed that the FVT
was able to increase bacterial diversity in the microbiome to the levels in lean mice.
The ability for FVT to modulate microbiome composition is further supported by
evidence showing that a FVT from high-fat diet-fed obese mice was sufficient for
driving microbiome composition of healthy mice towards that of the high-fat diet
donor [18]. The investigators also found that a FVT was sufficient for reducing
small intestinal bacterial overgrowth (i.e. excess bacterial density in proximal small
intestine) in obese mice to the level of healthy controls. In another recent study,
investigators found that FVT also prevents necrotizing enterocolitis in preterm
piglets [60]. Additionally, there is some speculation that the gut virome has a role
in the “super-donor” phenomenon observed during FMT [61]. Collectively, these
early studies demonstrate the therapeutic potential for FVT in multiple settings of
dysbiosis.

5. Dynamics of FVT-based modulation of the microbiome

The mechanisms through which FVT modifies the recipient’s gut microbiome is
the subject of ongoing investigation and is likely the result of complex community
interactions between donor phages and recipient bacteria, all of which is likely
heavily influenced by the host gut environment. Temperate and lytic phages exhibit
different population dynamics within microbial communities, and administration
of individual strains of exogenous phages into the gastrointestinal tract of mice has
been used to study these dynamics [5, 6, 62]. In a gnotobiotic mouse model where
the gut is colonized by a defined community of resident gut bacteria, the adminis-
tration of monocultures of lytic phages exhibiting a narrow host range can reduce
populations of their host bacteria through predation [5]. It was also observed that
reducing targeted host bacteria subsequently leads to a cascading effect in which
populations of non-host bacteria in the microbiome are affected through inter-
bacterial interactions. This effect propagated throughout the gut the microbiota
with far-reaching consequences for the composition, structure, and function of the
microbiota. Additionally, there is some evidence that a phage therapy approach has
the potential to control or eliminate bacterial pathogens, such as Enterococcus faeca-
lis, in the gut [63]. These studies provide models for studying basic phage-bacterial
dynamics in the gut, particularly ‘kill-the-winner’ population dynamics where lytic
phages act as predators leading to a suppression of their bacterial hosts and opening
of new ecological niches for non-host bacteria.

Since both temperate and lytic phages are transferred to the recipient during
FMT and sustained in the recipient’s virome afterwards [17], it is likely that mul-
tiple population dynamics are at play in the setting of FVT. In a study using gnoto-
biotic mice with a defined microbiota, administration of a FVT from human feces
resulted in a cascade of changing abundance of different gut bacteria that modeled
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primarily that of temperate phage-bacteria dynamics [62]. In another study by Bao
and colleagues, the investigators found that administration of lytic or temperate
phage monocultures into the gut of healthy mice modulated the microbiome by
changing relative abundances of host and non-host bacterial populations at both
phylum and genus level [6]. Of note, in this particular study, lytic phages promoted
a beneficial gut environment while temperate phages promoted conditions that
would enable disease to occur. Other co-evolutionary phage-bacteria dynamics

that have been observed in microbial communities include ‘piggyback-the-winner;
‘arms-race, and ‘kill-the-relative’ dynamics, which are reviewed in detail elsewhere
[2, 64]. Collectively, these dynamics are thought to contribute to the onset and
maintenance of states of dysbiosis in the microbiome and are therefore also likely to
have a role in recovery from dysbiosis in the setting of FVT. In the setting of rCDI, it
is unclear whether exogenous phages with a broad host range down-regulate

C. difficile populations or whether they promote a healthier microbiome with less
ideal conditions for C. difficile colonization.

6. Safety considerations for FVT

While therapeutic application of FMT has been explored in many settings of
dysbiosis [65-68], current clinical guidelines recommend that FMT should only
be used as a last resort for rCDI due to the various safety concerns [69]. Much of
the risk of FMT comes from the transfer of bacteria into an immuno-compromised
recipient and the potential of inducing an unanticipated bacteria-driven phenotype
(e.g., obesity). Accordingly, FVT may be associated with less risk due to the removal
of intact bacteria prior to transplantation. However, since viruses are also capable
of eliciting a pro-inflammatory response [12, 14], more research needs to be done to
better understand how FVT interacts with the recipient host.

Safe clinical application of FVT will also require a deeper understanding of the
viruses that comprise the gut virome. Numerous disease-causing viruses reside in
the gut including herpesvirus, papillomaviruses, and hepatitis viruses. Sequencing
of the virome has revealed numerous other viruses including bocaviruses, entero-
viruses, rotaviruses, and sapoviruses [28]. Many of these viruses have yet to be
characterized and their function in the gut is unknown. Given the potential for
infection by eukaryotic viruses, a thorough screening of the donor virome must be
done to ensure that no harmful eukaryotic viruses are transferred into the recipient.
The metagenome of the virome should also be screened since phages can encode
genes for virulence factors (e.g., diphtheria toxin, shiga toxin, and botulinum toxin)
and antibiotic resistance (e.g., p-lactamases) [70, 71].

Overall, the removal of bacteria is likely to make FVT a safer option than FMT.
However, FVT still has safety considerations that must be better understood and
effectively taken into account.

7. Conclusion

The emerging field of research focused on the gut virome is still in its infancy,
in part due to the difficulty of studying viruses in the gut environment. However,
similar to the field of microbiome research, recent work on the gut virome demon-
strates how previously overlooked inhabitants of the gut have a profound influence
on, and are in fact inseparable from, health and disease. In the setting of FMT,
the emerging association between uptake of the donor’s phage community and
clinical outcome suggests that fecal phages may have an important but not yet fully
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characterized role in successful treatment of rCDI. Whether FVT will offer a safer
or more effective alternative to FMT remains to be seen. We still have yet to deter-
mine the full therapeutic potential of FVT, but the promising preliminary findings
on FVT suggest it may provide new treatment options for dysbiosis and dysbiosis-
associated disorders. Collectively, these recent advances argue for more attention
to be given to FVT as a therapeutic tool for microbiome modulation and to the gut
virome as a therapeutic target.
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Tuning Phage for Cartilage
Regeneration
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Abstract

The ever-broadening scope of phage research has left behind the simplistic view
of studying phages as just model systems in phage biology to a much broader appli-
cation ranging from ecological management to immunity. Improved throughput
technology in crystallography and structural studies has helped our understanding
of these systems as supramolecular machines that possess the capacity of self-
assembly. The idea of phages as self-assembling supramolecular nano-machines that
are bioactive biomaterials in characteristics, tunable and easily producible have lent
its utility to recent fields such as regenerative medicine and tissue engineering. Due
to low metabolic activity and slow nutrient diffusion within cartilage, damage to
this tissue often inevitably consist of slow and delayed regeneration and healing, the
restriction of blood from reaching most part of this tissue and the resultant limita-
tions in the availability of oxygen and other essential amino acids dictates a very
slow systemic metabolic response also since transports system in this tissue have to
employ less speedy forms. Cartilage regeneration therefore is a huge challenge. This
chapter takes a look at the application of the phage display technology in cartilage
tissue regeneration.

Keywords: self-assembling, supramolecular, bioactive biomaterials, cartilage tissue
regeneration, phage display

1. Introduction

In nature, there exist remarkable structural complexities created out of self-
assembly, for instance ice crystals from falling snow. In Molecular self-assembly,
molecules adopt specific arrangement automatically without the direction of
outside source. Phages like liquid crystals behave in such similar fashion, having the
ability to self-assembly. Phages are viruses that infect bacterial cells, and also serve
as most commercial vectors for recombinant DNA studies. Molecular self-assembly
is a key concept in phage chemistry. The components of most phages or viruses in
general have an assembly system which usually is directed through non-covalent
interactions such as hydrogen bonding, hydrophobic forces, van der Waals forces,
and electrostatic etc., leading to the formation of supramolecular assemblies
composed of different shapes and sizes [1]. For instance, the interaction of the
P22 phage tailspike protein with its capsid to form an infective phage is entirely
non-covalent, however, once interaction is complete, bond reversibility is impos-
sible [2]. Molecular self-assembly allows the construction of interesting molecular
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topologies. This self-assembly system is also crucial in biological systems in the
form of the formation of biomolecular condensates in living organisms, also found
in oligomerization of protein subunits to form multimers of complex structures
[3]. The application of this system therefore is a bottom-up approach, in which
components of the phages are directed to self-assembly to achieve a programmed
molecular topology, consisting of the desired shape and functional groups.

Most researches have delved into self-assembling filamentous phages, thus shed
light on the pathways for their self-assembly. Filamentous bacteriophages such as
the Escherichia coli K12-infecting Ff phages (F1, Fd or M13) replicate episomally
and contain a circular single-stranded DNA packaged into long filaments. These
phages are secreted into the environment without lysing their host. The knowledge
of phages in general and filamentous phages in particular can played such a vital
role in formulating new approaches in fabricating bioactive biomaterials [4] and
providing for synergies and opportunities in phage display and tissue engineering
approaches.

2. Phage as biotechnological platform for cartilage study, therapy
and diagnosis

Due to a low metabolic activity and slow nutrient diffusion within cartilage,
damage to this tissue often inevitably consist of slow and delayed regeneration
and healing, the restriction of blood from reaching most part of this tissue and
the resultant limitations in the availability of oxygen and other essential amino
acids dictates a very slow systemic metabolic response since transports system in
this tissue have to employ less speedy forms such as transport proteins across
the thick ECM. Accidents that cause injury to the knee may sometimes rupture the
articular cartilage. Most diseases associated with articular cartilage include the
following; 1) osteoarthritis; a condition where the cartilage covering the bones
in joints is thinned and sometimes completely worn out. This leads to exposure
of the bone ends to friction and erosion which causes bone damage. Aberrant
immunometabolism has also been implicated in most phenotypes of osteoar-
thritis [5]. 2) Rheumatoid arthritis is a chronic systemic autoimmune disease
that primarily affects the lining of the synovial joints. This disease is progressive
with the pathological mechanism driven via the deterioration of cartilage, bone
erosion; hyperplastic synovium and systemic consequences [6]. Most symptoms
of rheumatoid arthritis include arthralgia, swelling, redness, joint pain and hence
limiting the range of motion [7]. 3) Some other disease/conditions related to
cartilage degeneration are relapsing polychondritis [8, 9], achondroplasia [10],
costochondritis [11, 12], herniation [13], chondrosarcoma [14], chondroma [15]
etc. While biological factors have been well known to play crucial roles in the eti-
ology of these diseases, therapeutic management of these conditions have proved
less reliable. Below, we discuss some related works that have been done in the cell-
phage research interface, and how the knowledge of both fields could synchronize
to help find answers for cartilage regeneration and therapy challenges.

2.1 Using phage to regulate alignment and morphology of chondrocytes

Chondrocytes in articular cartilage have unique alignment with respect to the
articular surface, this is crucial for the functional performance of the cartilage. A
deeper comprehension of the chondrocytes and collagen alignment is important
for a better appreciation of the load bearing and shock absorption function of this
tissue. Chondrocytes are organized into four zonal layers in the articular cartilage
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tissue: superficial zone, middle zone, deep zone and calcified zone. The superficial
zone contains elongated and flattened chondrocytes whereas the middle zone has
rounded chondrocytes as shown in Figure 1. The deep zone and calcified zone have
hypertrophic chondrocytes. Cartilage tissue has one of the poorest proliferative
capacities and loss of chondrocytes as well as abrasions to the articular surface
could give rise to osteoarthritis [16-18]. In cartilage regenerative effort, the interest
usually is to produce cartilage with high performance comparable to the natural tis-
sue, and this implies supplying chondrocytes with the right physical and molecular
cues to direct their proliferation, differentiation and tissue regeneration. Therefore,
guiding the topological and structural organization of the scaffold in which chon-
drocytes are seeded as well as modulating the molecular cues functionalized to the
scaffold is of crucial importance for cartilage tissue regeneration.

In a biomimetic strategy, He and his colleagues synthesized nanofibrous bio-
inorganic hybrid materials by using phage as a model biological nanofiber and
calcium hydroxyapatite (HAP) as a model inorganic material [19]. They induced the
nanofibers self-assembly into phage-cation complex structures through electrostatic
interaction between anionic phage nanofibers and the free precursor cations of the
inorganic materials. Successful orientation of collagen molecules was also reported.
This bioengineered phage bio-nanofibers as biotemplates oriented the nucleation
of HAP, formed cluster of structures induced by calcium ions. They observed that
the orientations of HAP crystals were formed along Ca** induced phage bundles,
then finally, their co-assembled collagen-phage hybrid bundles induced an aligned
nucleation of HAP on them [19].

This gives an excellent platform for cartilage tissue regeneration experiments
since collagen fibers arrangement and alignment is a critical measure of cartilage
performance. In articular cartilage, the superficial zone consists of mostly type I
collagens that are aligned parallel to the articular surface to reduce friction. Hence,
the use of such a novel framework for collagen orientation in cartilage regenerative
effort will prove useful. The ability to determine the assembly and orientation of
collagen or minerals by this co-assembly process in a bio-mimetic scaffold presents

Normal .
Knee Joint Cartilage

Predominantly type I

Superficial zone
collagen

rTransilion zone
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Deep Zone Chondrocytes

Tidal mark

= Calcified zone Lacuna

Figure 1.

Cogftoon illustration of the anatomical structure of the articular cartilage, depicting the collagen fibers
orientation and chondrocytes morphology. The superficial zone consists of flattened and horizontally aligned
chondrocytes with also horizontally aligned collagen fibers, predominantly collagen I. the transition zone has
rounded chondrocytes, with randomly aligned collagen II fibers; the deep zone has vertically aligned columns of
chondrocytes with vertical collagen alignment.
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an interesting process for producing excellent cartilage or bone tissue via tinkering
the organization and orientation of both proteins and HAP in order to produce
superior functional and mechanical properties of cartilage or bone tissue [20].
Young and his colleagues demonstrated that phage-based array chips could
be used for an optically readable cell proliferation and morphology assays. They
engineered M13 phages that that displayed RGD on its major coat proteins and also
functionalized the growth factor, FGF2, on its minor coat proteins. Since M13 can
self-assembly, they constructed from them a nanofibrous network scaffold, then
grew cells on them. They monitored for biochemical cues displayed by the phage
on cell proliferation and morphology. This elegant work allowed for the utility of
engineered phages for sensitive monitoring of the effects of functional peptides on
cell growth [21].

2.2 Phage used for chondrogenic differentiation of stem cells for cartilage
engineering

The chondrogenic potential of mesenchymal stem cells (MSCs) allows for stem
cell therapy of damaged cartilage possible. These stem cells can easily be obtained
via biopsy from the patient then amplified in the laboratory. This has therefore
made MSCs a routinely used cell types for cartilage regeneration [22, 23].

Phage display derived functional peptides has been employed for chondrogenic
differentiation of MSCs [24].

TGF-p1- and collagen II-binding peptides were identified through phage
display biopanning by Meng and his colleagues [25]. They discovered the peptide
HSNGLPL to have high affinity to TGF-p1 receptor, the peptide was then func-
tionalizedbypolyurethane with side propynyl groups via CuAAC click reaction to
form nanofiber gel materials with high TGF-p1-binding affinity which acted as
an absorbent for TGF-p1 within gels [24, 25]. Their findings demonstrated that
their construct induced chondrogenic differentiation of human MSCs iz vitro and
promoted rabbit articular cartilage regeneration.

2.3 Using phage display to initiate cellular signaling

Integrins are transmembrane receptors for extracellular matrix proteins [26];
they play a crucial role in signal transduction in chondrocytes and control cellular
attachment, migration, proliferation and apoptosis etc. One of the severally known
signaling pathways initiated by integrinsare the Src pathway, this pathway is known
to coordinate very vital cellular processes [27], downstream of which include the
RHO, SMAD, AKT etc. as depicted in Figure 2. While the RHO pathway transduced
via integrins acts to regulates actin cytoskeleton [28] leading to cell spread and
migration, the AKT through ERK pathway is crucial for chondrocytes growth,
proliferation and survival [27, 28]. Interestingly also, downstream of Src, upon ERK
pathway activation, the transcription factor SMAD1/5/8 is known to be blocked
from nuclear translocation, thereby blocking chondrocyte’s hypertrophy, and bone
formation processes [29-31]. This step is crucial for forming normal cartilage.
While the SMAD signaling pathway will eventually lead to the inhibition of chon-
drocyte’s hypertrophy, the RHO signaling improves cells motility and migration,
whereas, the ERK pathway could signal chondrocytic differentiation of MSCs into
chondrocytes for cartilage regeneration.

To influence chondrocytic differentiation of MSCs for cartilage regeneration
therefore, as diagrammatically illustrated in Figure 2, integrin binding peptides
such as RGD, IKVAV or DGEA can be genetically engineered to display on the
surface of the coat protein of the phage. The displayed peptides which have high
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Figure 2.

Dz'%lgmmmatic illustration of the possible mechanisms of phage displayed peptide on integrin mediated
signaling pathway. Integrin binding peptide such as RGD, IKVAV or DGEA can be genetically engineered

to display on the surface of the coat protein of the phage. The displayed peptide which have high affinity for
integrin receptor will interact with integrin on the plasma membrane, the extvacellular subunits of integrin
then initiates several conformational changes leading to a more opened and sensitive state from the previously
closed and insensitive state, enabling the bound formation between the peptide (ligand) and the receptor.
Upon binding to the phage displayed peptide, the integrin receptor activates cascades of signaling including
the SMAD, ERK, RHO signaling pathways via signal transduction. While the SMAD signaling pathway
will eventually lead to the inhibition of chondrocyte’s hypertrophy, the RHO signaling improves cells motility
and migration, whereas, the ERK pathway could signal chondrocytic differentiation of prechondrocytes into
chondrocytes for cartilage regeneration.

affinity for integrin receptor will interact with integrin on the plasma membrane of
the stem cells. This will allow for direct activation of the integrin receptors by the
displayed peptide. The process of activating integrin receptor occurs in sequential
conformational changes. First, the extracellular subunits of integrin initiate several
conformational changes leading to a more opened and sensitive state from the
previously closed and insensitive state, the sensitive state allows for bond formation
between the peptide and the receptor. Upon binding to the phage displayed peptide,
the integrin receptor activates cascades of signaling including the SMAD, AKT, and
RHO signaling pathways which could signal chondrocytic differentiation of MSCs
into chondrocytes for cartilage regeneration.

2.4 Bio-responsive materials with optimal mechanical and degradation
characteristics

The development of scaffolds for cartilage tissue regeneration must include
mechanical properties since loading conditions have substantial effect on this
tissue. Hence, the optimal mechanical properties of scaffold for cartilage regenera-
tion usually are expected to produce better cartilage tissue formation that must
suit the functional role of load bearing. For this reason, it is imperative to carefully
regulate the mechanical as well as the degradation properties of the scaffolds used
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in cartilage engineering. In an ideal case, the biomaterial should eventually be
remodeled and replaced by the chondrocytes and the chondrocytes’ secreted ECM
and studies along these lines have been conducted [32, 33]. The development and
application of ‘smart’ bioresponsive materials that can respond to biological cues or
to pathological abnormalities are of great interest to both researchers and clinicians,
and this is more so important especially in the case of cartilage tissue regeneration
and osteoarthritis therapy in which precise administration of therapeutics with
minimal invasiveness is key. A good review on this topic is covered by Yu and his
colleagues [33].

In a related study, osteogenic differentiation of mouse preosteoblasts induced
by collagen-derived DGEA-peptide on nanofibrous phage tissue matrices was
carried out by Yoo and his colleagues [34]. They constructed genetically engineered
M13 phage with DGEA-peptide displayed in high density on the major coat proteins
and studied the effects of the DGEA-peptides on preosteoblast morphologies.
Their results demonstrated that preosteoblasts grown on DGEA-incorporated
phage matrices exhibited significant outgrown morphology with early bone cell
marker protein expression. In the cartilage tissue, since it is nonvascular, cell to
cell communication is slow and most signaling is via ECM embedded proteins,
physical cues, peptides, etc. in the tissue extracellular matrices and such play
vital role in controlling chondrocyte’s growth, proliferation, and ECM molecules
deposition and remodeling of cartilage ECM. A replicate study in which the
peptide KRTGQYKL is displayed on M13 and prechondogenic cells are grown on
such matrices will be of interesting discovery since this peptide is known to induce
chondrogenesis [35].

2.5 Assessment of normal cartilage and degenerative cartilage using phage
display derived functional peptides

The cartilage is an avascular tissue that expresses high levels of hyaluoronic
acid (HA) via the hyaluoronic acid synthase. Classic histochemical analysis of HA
are usually performed using Alcian blue or using the HA-specific probe, known
as HA-binding protein (HABP), however since HABP is a complex of aggrecans
and link proteinsderived from bovine cartilage, published data seems to indicate
discrepancies [36]. Zymolik and Mummert via phage display identified a novel HA
binding peptide for which they coined pep-1 which demonstrated excellent stain-
ing for dermis, however, they recorded sensitivity of pep-1 conformation changes
in HA [22]. The pep-1 peptide therefore could serve as HA expression probe for in
situ detection of hyaluronans since normal cartilage tissue formation is governed by
high expression levels of HA, hence assessment of cartilage tissue could be probed
via pep-1 too.

The activation of hyaluronan synthase leads to the production and deposi-
tion of HA on the ECM of the cartilage for repair and remodeling. It has been
shown to modulate inflammation and fibroplasia during wound repair. Tolg et al.
using phage display identified another peptide, P15-1 (STMMSRSHKTRSHHV),
by biopanning through 7-to 15mer phage display libraries. This 15mer peptide
showed similarity to the receptor for hyaluronan mediated motility (RHAMM)
binding sequences, and was demonstrated to show high affinity to HA and keenly
mimicked the functional properties of RHAMN. In an iz vivo experiment, P15-1
significantly reduced wound macrophage number, fibroblast number, and blood
vessel density compared to negative control peptides in rat wounds and promoted
scarless wound healing. They showed that P15-1 blocks RHAMM-regulated focal
adhesion kinase pathways in fibroblasts and attenuated fibrotic repair by blocking
hyaluronan oligosaccharide signaling [37]. Since the avascular articular cartilage
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must deal with frictional forces, scar formation is unwanted; therefore the ability
to ensure scarless healing is of paramount importance.

Another important molecule of the characteristically thick ECM of cartilage
tissue is decorin. It is known to bind to aggrecan to increase its adhesion with other
aggrecan molecules and with collagen II fibrils, thereby enhancing the assembly and
structural integrity of the aggrecan network in cartilage ECM. At the cellular level,
decorin functions to increase the retention of aggrecan in the newly formed matrix
of chondrocytes. Also, this molecule increases the adhesion between aggrecan and
aggrecan molecules and between aggrecan molecules and collagen II fibrils [38].

It has been shown to inhibit TGF-p and hence prevent tissue fibrosis and promote
tissue regeneration. Jarvinen and Ruoslahti genetically displayed a wound-homing
CAR peptide (CARSKNKDC) on the decorin surface to form a recombinant CAR-
decorin. After intravenous injection of CAR-decorin, these complexes selectively
accumulated in the wound sites, and promoted wound healing, without scar forma-
tion in a mice wound model [39], this displayed peptide therefore can be employed
for cartilage wound healing process, since osteoarthritis is characterized by a persis-
tent deterioration of the cartilage tissue or basically and an non-healing wound.

2.6 Phage used for targeted cartilage tissue drug delivery

By phage biopanning, Pi and his colleagues discovered the chondrocyte-homing
peptide, DWRVIIPPRPSA (CAP). They also chemically conjugated the peptide
with polyethyleneimine (PEI) to construct a non-viral gene vector [40]. The CAP-
functionalized PEI vectors showed specificity for cartilage tissue and gene trans-
fection efficiency in the knee joints was demonstrated to be excellent, and can be
employed for cartilage therapy. In another study, they employed the same construct
to deliver siRNA into the cartilage of the knee joints to silence the expression of
Hif-2a [41]. Hif-2«, which is one of the molecules that triggers cartilage degradation
in osteoarthritis (OA), was therefore downregulated and cartilage degeneration
and synovium inflammation in the knee joints were alleviated. In both cases, they
showed that the use of the cartilage specific and chondrocyte-homing peptide
identified by phage display could make therapy of degenerate cartilage feasible.

2.7 Using phage display for diagnosis and imaging

The development of osteoarthritis or rheumatoid arthritis is noted to be highly
linked with MMP13 expression, a collagenase that degrades collagen and biglycans
[42, 43]. Sun-Jun and his colleagues’ utilized phage display to map out the substrate
specificity of this enzyme, their screening revealed that MMP13 targeted with
specificity to peptide substrates that have proline at the P3 position and lipophilic
amino acids at P1". They observed that a change in proline via site-directed muta-
genesis made these substrates less sensitive to collagenase 3 [44]. Integrins are
transmembrane heterodimeric proteins that play a role as mechanotransducers;
they also mediate a number of other signaling cascades and triggers endocytosis
[45] and or pinocytosis [46] that mediate cellular internalization. Chondrocytes
plasma membranes have surface integrins subunits [47]. A fluorophore that is
therefore bound to a ligand that interacts with integrins can be internalized. Hart
and his coworkers demonstrated using bacteriophage Fd that displayed the cyclic
integrin-binding peptide sequence GGCRGDMFGC on the major coat protein
subunits. This led to the internalization of the phage by cells, thus demonstrating
that the integrin-binding peptides displayed on the phage could target cells expres-
sion integrin on its surface for internalization [48], and this could be exploited
to have the phage coat protein also functionalized to a fluorophore that serve for
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immunofluorescent imaging. Same process can also be exploited for the possible
introduction of siRNA or preloaded drugs into cells for therapy.

2.8 Deploring CRISPR with phage technology for cartilage regeneration

CRISPR technology has proven to be a highly efficient and specific target
genome editing technology for eukaryotes; and has been demonstrated as an excel-
lent technology for specific genes silencing, genes knockouts, or knockdowns appli-
cations. Therefore this technology can be employed to silence specific gene products
in cartilage tissues that amplify the deterioration of cartilage during rheumatoid
arthritis or osteoarthritis. For instance, high MMP13 [49, 50], RUNX2 [51], VEGF
[52] etc. expressions in cartilage tissue usually are pointers to cartilage degeneration
and abnormality [53] and hence can be silenced through this CRISPR technology.
The bottleneck remains nonetheless on homing CRISPR to cartilage tissue. Shefah
and his team showed that P22 phage served as a robust supramolecular protein cage
that could be utilized for cell type-specific delivery of encapsulated cargos [54].
They genetically fused Cas9 to a truncated form of the P22 phage scaffold protein,
thereby packaging Cas9 and a single-guide RNA (sgRNA) inside the P22 capsid.
Since the sgRNA is tunable, specifying which gene to target therefore is achievable.
Homing such a delivery vehicle to cartilage tissue can be achieved via molecular
engineering process. The chondrocyte-homing peptide, DWRVIIPPRPSA as
discovered by Pi and his colleagues [40] could be chemically functionalized to
the engineered P22 phage capsid construct (P22-Cas9: sgRNA complex) using
polyethyleneimine. On the other hand, a genetic engineering approach in which the
P22 phage tailspike protein is tinkered to contain this chondrocyte homing peptide
(DWRVIIPPRPSA) especially at the C-terminus can then be assembled onto the P22
phage capsid construct encapsulating the Cas9-sgRNA. The P22 tailspike protein is
well known for its tolerance to several physiological and environmental conditions
such as protease, heat and detergents [55]. It is biocompatible and posse no harm to
the human body. The non-covalent but irreversible binding of the phage’s tailspike
to its capsid will lead to the production of a phage construct with capsid loaded
with the right gene regulatory factor(s) that has the capacity for cartilage specific
targeting.

2.9 Using phage to develop biosensors for cartilage wound progression

Cartilage defect in knee such as in the case of rheumatoid arthritis or osteo-
arthritis or even in the event of joint injury can lead to matrix metalloproteinase
expression enhancement and degenerative events [42, 43, 56, 57]. Inflammation is
also known to be associated with joint symptoms and progression of osteoarthritis.
The molecular markers of inflammation can be assessed in joint fluids and tis-
sues from patients [58] using phage display technology. Phage based biosensors
can be employed to sense the degeneration and extent of wound and even early
detection of the degenerative event. These biosensors could reflect the effects of
medical treatment. For instance, phage library can be screened against the MMP13
upregulation in osteoarthritis to select highly selective and affinity-binding phages
to MMP13. Similar studies as done by Sun-Jun and his colleagues’ as mentioned
earlier utilized phage display to map out specificity to MMP13 [44]. These selec-
tive phages can detect MMP13 in the injured or degenerative joints and thus can be
employed for sensor designs and constructs. Several phage-based biosensors have
been constructed for detection of pathogens, antigens, secreted proteins in various
disease states [59-61]. For instance, Singh and Amit used immobilized engineered
tail spike proteins derived from the P22 bacteriophage onto gold surfaces using
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thiol-chemistry to analytical detect Salmonella with the sensitivity of 10° CFU/mL
[62]. This technique has also been employed to successfully detect E. coli 0157:H7,
methicillin-resistant S. aureus [63], S. aureus [64], and hepatitis B virus [65].
Similarly, landscape phage has been successfully used as a molecular recognition
interface to detect Bacillus anthracic spores [66], Salmonella [62, 67] and even in the
detection of prostate serum antigen [68].

3. Conclusions

Even though there exist copious discoveries on the genetic factors as well as the
molecular mechanisms surrounding cartilage degeneration, the efficacious treat-
ment modalities remain elusive. Phage display provides an advantageous platform
to study, diagnose and treat cartilage related diseases, since this provide a nano scale
molecular mechanism that have the benefits of possessing higher tissue penetra-
tion, high specificities to cartilage, tunable, and hence can be leveraged for cartilage
therapy, diagnoses, imaging and research application. By far, majority of phages
used for display are biocompatible, and hence can serve as ideal drug delivery
systems with minimal to no side effects to the human body upon administration,
and should attain tremendous efficacy. The ability to fine tune drug loaded phages
by functionalizing homing peptides to the phage particle offer a special pharma-
cokinetic characteristic, since it provides for regulated and targeted distribution
of the payload, and ensure safety. Nonetheless, the use of phages for cartilage
therapy still remains an obscured subject, and many obstacles should necessarily be
surmounted. First, the choice of the right phage display libraries through phage bio-
panning is a critical step that will ensure the generation of the right ligand peptides
for display. Secondly, there must be a concerted effort to direct cartilage studies to
understand more cartilage targeting peptides and the specific genetic and molecular
mechanisms that should be reversed in degenerated cartilage therapy process. The
specific receptor target moieties, chondrocyte-ECM dynamic relationships, the
biology of cartilage tissue ECM remodeling and ECM molecules secretion, deposi-
tion and recycling must all be understood in vivo to ensure enhanced application of
phage technology for human cartilage regeneration.

Abbreviations

AKT Ak strain transforming

CFU Colony forming unit.

CRISPR clustered regularly interspaced short palindromic repeats.
ECM extracellular matrix.

ERK extracellular-signal-regulated kinase.
FGF2 fibroblast growth factors 2 (basic).

HA hyaluoronic acid.

HABP hyaluoronic acid binding protein.

HAP hydroxyapatite.

Hif-2a Hypoxia Inducible Factor-2 alpha.

MMPs matrix metalloproteinases.

MSCs Mesenchymal stem cells.

PEI polyethyleneimine.

RHAMM receptor for hyaluronan mediated motility.
RHO Ras homologous.

RUNX2 Runt-related transcription factor 2.
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sgRNA single-guide RNA.

siRNA Small interfering RNA.

SMAD small Mothers against decapentaplegic.

Src sarcoma, a tyrosine kinase protein encoded by the SRC gene.
TGF-p1 Transforming growth factor beta 1.

VEGF vascular endothelial growth factor.
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Abstract

Bacteriophages are bacterial cell-borne viruses that act as natural bacteria killers
and they have been identified as therapeutic antibacterial agents. Bacteriophage
therapy is a bacterial disease medication that is given to humans after a diagnosis of
the disease to prevent and manage a number of bacterial infections. The ability of
phage to invade and destroy their target bacterial host cells determines the efficacy
of bacteriophage therapy. Bacteriophage therapy, which can be specific or
nonspecific and can include a single phage or a cocktail of phages, is a safe treat-
ment choice for antibiotic-resistant and recurrent bacterial infections after antibi-
otics have failed. A therapy is a cure for health problems, which is administered
after the diagnosis of the diseases in the patient. Such non-antibiotic treatment
approaches for drug-resistant bacteria are thought to be a promising new alterna-
tive to antibiotic therapy and vaccination. The occurrence, biology, morphology,
infectivity, lysogenic and lytic behaviours, efficacy, and mechanisms of bacterio-
phages’ therapeutic potentials for control and treatment of multidrug-resistant/
sensitive bacterial infections are discussed. Isolation, long-term storage and recov-
ery of lytic bacteriophages, bioassays, in vivo and in vitro experiments, and bacteri-
ophage therapy validation are all identified. Holins, endolysins, ectolysins, and
bacteriocins are bacteriophage antibacterial enzymes that are specific. Endolysins
cause the target bacterium to lyse instantly, and hence their therapeutic potential
has been explored in “Endolysin therapy.” Endolysins have a high degree of bio-
chemical variability, with certain lysins having a wider bactericidal function than
antibiotics, while their bactericidal activities are far narrower. Bacteriophage
recombinant lysins (chimeric streptococcal-staphylococcal constructs) have high
specificity for a single bacterial species, killing only that species (lysin (CF-301) is
focused to kill methicillin resistant Staphylococcus aureus (MRSA)), while other
lysins have a broader lytic activity, killing several different bacterial species and
hence the range of bactericidal activity. New advances in medicine, food safety,
agriculture, and biotechnology demonstrate molecular engineering, such as the
optimization of endolysins for particular applications. Small molecule antibiotics
are replaced by lysins. The chapter discusses the occurrences of lytic phage in
pathogenic bacteria in animals and humans, as well as the possible therapeutic
effects of endolysins-bacteriophage therapy iz vivo and in vitro, demonstrating the
utility and efficacy of the therapy. Further developments in the bacteriophage
assay, unique molecular-phage therapy, or a cocktail of phage for the control of a
broad range of drug-resistant bacteria-host systems can promote non-antibiotic
treatment methods as a viable alternative to conventional antibiotic therapy.
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1. Introduction

Bacteriophages (phage) are bacterial viruses that are also known as ‘natural
killer phages’ may take over their bacterial host and use it to grow and multiply. The
phage may recognise, infect, and kill specific bacteria or groups of bacteria, as well
as their host cells of unrelated bacteria. As a result, they play an important role in
bacterial population regulation. Bacteriophages are used to (a) identify specific
pathogens to help in pathogen detection and (b) destroy bacterial infections in a
process known as lysogeny, in which one bacterium kills another through phage
particles [1-4]. Since he first discovered bacteriophages in 1917, and later in 1919, a
phage treatment was offered to cure a child suffering from dysentery, and the child
was cured of the illness after a single dose of phage administration, D’Herelle is
widely regarded as the father of bacteriophages. Since then, the phage cocktail’s
protection has been verified by administering it to a number of other healthy people
[3, 4]. He also noted in 1919 that bacteriophages provided between chickens effec-
tively reduce the mortality of chickens suffering from Salmonella infections, indi-
cating that phage therapy experiments against bacterial infections were extremely
successful [3-5]. D’Herelle published a comprehensive account of bacteriophages
and founded “An International Bacteriophage Institute” in Tbilisi, Georgia, in 1923,
which is now known as “the George Eliava Institute of Bacteriophages, Microbiol-
ogy, and Virology” [3-5]. The Institute is engaged in the production and distribu-
tion of therapeutic bacteriophages for the treatment of a variety of bacterial
infections. Bacteriophages have been successfully used to treat skin and diarrhoeal
infections caused by Staphylococcus aureus and Shigella dysenteriae [6-8]. However,
phage treatment has been poor since the discovery of antibiotics, large-scale devel-
opment and availability, and widespread clinical use [9-13]. Furthermore, there
was a chance of endotoxin contamination since most phage therapy trials lacked
random and placebo controls [5]. Overuse and misuse of antibacterial drugs have
been recorded since the dawn of the antibiotic era, resulting in intolerable antibiotic
resistance with an approximate global intake of 100,000-200,000 tonnes of anti-
biotics per year [14, 15]. Antibiotic resistance in bacteria has arisen from such
indiscriminate prophylactic use of multiple antibiotics, affecting all aspects of life
and public health [2, 14-18]. Antimicrobial resistance is becoming a global threat,
with the World Health Organization predicting that it could kill at least 50 million
people every year by 2050 [19]. As antibiotic resistance rises, researchers are
looking for new ways to detect and manage drug-resistant bacterial infections [1, 2,
4, 5]. Antimicrobial-resistant bacteria have evolved from bacteria with intrinsically
drug-sensitive genes to bacteria with drug-resistant genes: Multidrug-resistant bac-
teria are classified as bacteria that are resistant to at least one antimicrobial agent
out of three or more, while drug-resistant bacteria are defined as bacteria that are
resistant to all antimicrobial stages. The advent and distribution of antimicrobials
has increased rapidly due to widespread use of antibiotics as a supplement in animal
husbandry, misuse of various antibiotics in clinics [2, 9-11, 13]. Antimicrobials’
proliferation and dissemination have accelerated in tandem with international
mobility. Existing antibacterial agents were unable to destroy bacteria immune to
antibiotics, ushering in the “post-antibiotic” period [9, 14-18, 20-22]. Because of
their specific antimicrobial activity as an alternative to antibiotics, bacteriophage
treatment is gaining popularity as a means of ensuring future development. When
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antibiotics are ineffective against bacterial infections, phage therapy may help
eradicate such complicated problems as a reliable treatment choice. In recent years,
bacteriophages have been used to biocontrol bacterial numbers in agriculture, vet-
erinary science, aquaculture, and the food industry [2, 10-13]. Bacteriophages have
been used in agriculture to combat plant bacterial infections such as Xanthomonas
citri, which would otherwise be treated with antibiotics. Holins, endolysin,
ectolysin, and bacteriocins are bacteriophage antibacterial enzymes. Since endolysin
targets induce immediate bacterial lysis, “endolysin therapy” has been developed to
exploit their therapeutic potential [23]. Endolysin/recombinant endolysin has a lot
of biochemical multiplication, and certain endolysins have a lot of bactericidal
activity. Commercial applications have benefited from the use of endolysin
enzymes or holins. The development of new drugs, creative methods, and the
reduction of the risk of infectious agents and potential factors are all essential
components of future bacterial disease control. Phage therapy reduces the develop-
ment and replication of a wide variety of pathogenic bacteria, enhancing human
and animal health and longevity. For particular groups of bacteria, however, the
production of specific phage therapy cocktails is desirable. Phage therapy is a great
way to treat microbial infections that are different depending on the operating
system. Phage therapy is a fascinating rediscovered area of study that has many
applications in science, agriculture, veterinary medicine, and medicine, including
the potential prevention of antibiotic-resistant pathogens. The ability to combine
antibiotic and phage therapy, the use of phage cocktails, and previously unexplored
phage protein products are the most promising areas for the effective treatment of
drug-resistant bacterial infections. Phage therapy is the subject of global research
due to its wide range of applications and uses. This chapter addresses various
aspects of phage therapy and how it can be used. After closely studying the protec-
tion and efficacy of phage, promising findings indicate that phage therapy against
pathogenic bacteria could be the potential solution to pathogens that affect humans
and animals.

1.1 Market potential of therapeutic bacteriophages

Bacteriophages are found all over the world, have many uses, and have contrib-
uted significantly to medicine, biotechnology, and molecular biology. Traditional
antibiotic treatments are often replaced or supplemented by bacteriophage thera-
pies and such alternative therapies has had a significant effect on revenues. In 2017,
the global bacteriophage market was worth $567.9 million, and it is projected to
grow at a 3.9% annual rate annual rate from 2018 to 2026. Globally, 600 million
people are believed to be affected by foodborne diseases, with 420,000 people
dying each year. In contrast, foodborne disease is said to affect 40% of children,
resulting in 125,000 deaths per year [24]. The fastest-growing market will be for
clinical applications of bacteriophages in phage therapy, diagnostics, drug develop-
ment and manufacturing, phage display technology, antibacterial, vaccines, and
biocontrol agents. Food and beverages currently hold the largest share of the global
bacteriophage industry. Lytic bacteriophages are commonly used to control the
spread of harmful infectious agents in foods such as fruits, vegetables, dairy prod-
ucts, and meals. Increased use of bacteriophages in such safe and healthy food items
increased market potential. As a result, bacteriophages are being accepted for use in
food safety applications in greater numbers. Companies are developing bacterio-
phage platforms and phagebanks (The Israeli Phage Bank (IPB) is a member of a
global network of phage banks that provides a large assortment of purified bacte-
riophages) to treat multidrug-resistant bacteria in emergency situations [24].
Microgen, Amplify Bioscience Corporation, Ambiotics, and Phage Biotech Ltd. are
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some of the leading players in the bacteriophage industry. According to Amplify
Biosciences Corporation, clinical trials for phage therapy against Pseudomonas
aeruginosa infection in cystic fibrosis have begun in the United States [24].

1.2 Isolation and identification of bacteriophages

Seclusion, identification and propagation of the patient’s infecting bacterial
strain are critical for successful phage treatment. In medical practice, once a patient
is suspected of having a contagious incurable infection, effective bacteriophages
should be isolated, identified and purified from isolates of pathogenic bacteria
occurring in the samples of urine, blood, and chronic wounds of patients. The
bacterial colonies shall be picked up from selective Agar/LB agar plates according to
their colony morphology, size, and pigmentation variability. The isolates are
subjected to the staining procedures, biochemical and molecular tests and are cul-
tured in various media to identify the genus and species of bacteria with the help of
Bergey’s Manual of Determinative Bacteriology and Bergey’s manual of systematic
bacteriology [25, 26]. Each of the bacterial isolates shall be transferred to LB broth at
37°C for 18 hours and then be stored at —20°C after the addition of 20% glycerol for
further studies. With the development of diagnostic techniques, nonculture-
methods such as 16S rRNA, PCR, RT-PCR, microarray, DNA/RNA sequencing,
proteomics, ELISA and immunological methods and MALDI-TOP MS are used in
clinical laboratories for microbial testing, identification and classification [1, 26-29].
If patients are opting for phage treatment, the foremost step is to isolate the disease-
causing pathogenic bacteria using traditional methods. Subsequently the pathogens
can be identified by using non-traditional methods. Bacteriophages uninfected host
cells of bacteria multiply in Nutrient/LB agar plate to form a confluent film of
bacterial growth over the surface of the plate at 37°C. In contrast, bacteriophages of
infected cells of pathogenic bacterium if occur, bursts of such cells take place and
release offspring bacteriophages. A visible, circular area of clearing zone in the
confluent bacterial growth is known as a plaque, occurring after 8-10 hours of
incubation and halos, zones of secondary lysis around plaques, can be identified
after 24 hours. A suspension consisting of incubated samples of phage and cells of
bacterial isolates shall be poured on to an appropriate LB/Nutrient agar medium to
form a thin ‘top layer’. Lastly, sensitivity and specificity of phage to the pathogenic
bacteria is tested therapeutically. A key option in the treatment of infection is to use
standard antibacterial drug therapy based on an anti-bacterial profile and / or
physician experience [27]. Therefore, phage therapy will only be recommended if
antibacterial drugs are unsuccessful and/or as soon as the infection is triggered by
multidrug-resistant or pandrug-resistant bacteria.

2. Phage library and sensitivity

Availability of a library with a range of therapeutic bacteriophages is the foun-
dation for the success of phage therapy. Bacteriophages are observed to show off a
narrow to broad host specificity [30-32]. The lytic bacteriophages ought to have the
capacity to kill strange bacterial species even as a range of bacteriophages can kill
the identical bacterial strain (Figures 1-4) [33]. For a safe medical use of the phage,
genes of toxins, antibiotic-resistance, and multidrug-resistant genes should not be
present in the genome of the phage’, whilst the lytic phage must have the potential
to kill the multidrug-resistant bacteria such as Acinetobacter bauwmannii, Enterococ-
cus, Escherichia coli, Klebsiella pneumoniae, Pseudomonas aeruginosa, and Staphylococ-
cus aureus [34-38]. Confirmation of phage-sensitive bacteria is the prerequisite for

104



Therapeutic Efficacy of Bacteriophages
DOI: http://dx.doi.org/10.5772 /intechopen.97619

= ey ba S SUTOUnding L the
s clesic acid| DM AY, sheath, tail Fifre i wailattached bacteniophages , and

Figure 1.
Transmission electron micrograph (TEM) bacteriophages infected Bacillus. Note the capsid, nucleic acid, tail

fibers [2].

Figure 2.
A magnified portion of a Bacillus infected with bacteriophages is seen in this Transmission electron micrograph
(TEM). The capsid, nucleic acid, tail fibers should all be noted [2].

initiation of antibacterial therapy. First, the bacterium inflicting the infection in the
patient has to be received and identified; second, phage in the library that are
effective against the pathogenic bacterium need to be screened, and selected for
therapeutic use. If there are specific phage or cocktails of phage in the library that
kill the identical bacterial strain, are preferred for the therapy [39, 40]. Reports
have shown that phage cocktail preparations would possibly decorate bactericidal
efficacy and additionally limit the chance of the emergence of phage-resistant iso-
lates for the duration of the therapy [30-32]. Bacteriophages (phage) have a unique
sorting mechanism for their target bacteria since they have a number of necessary
characteristics such as inherent natural specificity, ease of use of cell signalling and
receptor molecules, and simple phage or phage-derived product processing. These
characteristics make bacteriophages more suitable for use as bacterial detectors and
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Figure 3.
TEM showing V. vulnificus (VV-1) bacteriophage particles (Bp) within the cytolyzed cytoplasm (c) of the host
cell bacterium Vibrio sp. Note the presence of phage within the cytoplasm [10].

Figure 4.
Electron micrograph showing V. vulnificus (VV-2) bacteriophage (Bp) particles within the lysed cytoplasm
(c) of the host cell bacterium Vibrio sp [10].

as aids in the detection of human pathogens. Phage-based systems are currently
being used to diagnose Staphylococcus aureus, Mycobacterium tuberculosis, Bacillus
anthracis, and Yersinia pestis in the clinical setting.

3. Production and purification of bacteriophages

Appropriate cultural media used for the growth, proliferation, and fermentation
process of cells of bacterial hosts of bacteriophages for therapeutic applications. The
fundamental processing of bacteriophages consists of several stages of purification
(Table 1). These are broth specifications with low-speed centrifugation or filtering,
cell removal, and cellular debris. Chloroform will be added to the lysate to form
lysis and release the phage from non-lytic cells. Specified bacteriophage lysate can
be used in many applications but clinical applications require additional purification
of the lysate to eliminate endotoxins, metabolites, hydrophilic O-specific polysac-
charide, phosphorylated oligosaccharides, phage, bacterial cells, and other wastes.
Impure preparations of bacteriophages should not be used for injection [41, 47].
Occurrences of such as endotoxins in the bacteriophage preparations may aggravate
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the immune system responses viz. fever, leucocytosis, leukopenia, fatal endotoxin
shock, can open up macrophages, and release inflammatory mediators such as TNF-
o, IL-6, and IL-1 and cause serious side effects. The final limit of endotoxins
recommended for intravenous administration is 5 Endotoxin Unit (100 pg) (EU)/
kg. The elimination of endotoxin from bacteriophages is a multidisciplinary proce-
dure. Two-Phase fluid extraction processes viz. LPS affinity resins, ultrafiltration,
and chromatographic methods for removal of well-charged endotoxin proteins. Ion
exchange, size exclusion chromatography, interaction with histidine or polymyxin
B, and anion-exchange chromatographic exchange were methods used for further
phage purification. Diafiltration was used to exchange phage particles from lysate
media with a suitable buffer. Cesium chloride density gradient centrifugation,
ultracentrifugation, PEG precipitation, and ultrafiltration used for the removal of
endotoxins and purification of phages. Bacteriophage CM8-1/SJT-2 stock solution
mixed with bacterial culture in the mid-log phase spread on a double-layer agar
Petri plate, Sodium magnesium (SM) buffer added after the bacteriophage had
grown of the entire Petri plate and placed on a shaker at 120 rpm/min for 2 hours.
The SM-bacteriophage lysate solution was filtered through a 0.22 pum filter,
PEG8000 (10%) was once added to the bacteriophage stock solution, left the
solution overnight at 4°C, and centrifuged at 10,000 x g for 10 min to obtain
bacteriophage precipitation [46]. By contrast, T4 bacteriophages had prepared by
using a stepwise gradient of anion-exchange quaternary amine (QA) CIM column
and NaCl elution buffer [48, 49]. Purified bacteriophages of Mycobacterium
smegmatis and S. aureus were prepared by using columns such as QA CIM and
diethylamine (DEAE) while QA and DEAE CIM columns, were employed to
remove endotoxins from pre-purified phage preparations by using the Endotrap
HD column (Cambrex BioScience, EndoTraptm Blue) [50]. Enterococcal bacterio-
phages, viz. ENB6 and C33 were prepared from the raw wastewater by using
caesium chloride density gradient centrifugation and stored at 4°C. Thus, there was
a great deal of variation in the elution conditions between the different phages. A
common operating procedure for varied phage preparations, storage, and transport
is lacking [51]. Standard operating procedure (s) for large scale-bacteriophage cul-
tivation, isolation, titration, and purification and to produce sufficient plaque-
forming units of bacteriophages (PFUs) per milliliter of Pseudomonas, Klebsiella,
and Serratia were established [41, 52]. Such a universal process and production of
the final phage preparations for use could reduce endotoxins, might be pivotal in
alleviating fears and the phage therapy shall be readily accepted all the world over.

4. Storage of phages

Phage preparations for clinical use ought to be (i) endotoxin-free, (ii) phage
must be intact with high titers [53-55]. (iii) Suitable storage and transport are
crucial. (iv) protected from high temperature, extremely acidic, or alkaline condi-
tions [56], and (v) phage stock should not be refrozen and rethawed [57]. The
usefulness of preparation of phage lysate, modified treatment methods evolved and
accepted for long-term storage of phage was elucidated. In a study that demon-
strated the infectivity of the phages remained unaffected with chloroform and
DMSO treatments and storage for 30 days to a year at 4°C — 40°C [10, 58-60].
Infectivity of long-term stored bacteriophages at —80°C can be increased by adding
15%-25% glycerol to phage lysate preparations, and by rapid freezing and storage of
phage infected bacteria at —70°C. Similarly, phage was shown to remain highly
stable underneath normal storage conditions or also stable in NaCl and MgSO, due
to its stabilizing effect. Considerable numbers of viable phage have been described
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to occur even after storage in distilled water. Phage isolates were found to remain
stable upon storage at 4°C, or a rapid loss of phage infectivity was encountered with
repeated freezing and thawing at —70°C. Phage infectivity could not be inhibited
with trypsin, protease, ribonuclease treatments, or chloroform whilst the infectivity
over the phage was inhibited together with lysozyme and SDS treatments [10, 59,
60]. The enzymatic treatments and inhibition of phage infectivity of several bacte-
riophages had been reported. Similarly, Mycoplasma arthritidis virulent 1 (MAV1)
phage infectivity was reported to be unaffected by treatment with Triton X-100 and
used to be resistant to non-ionic detergents [55, 61]. Phage survived a hundred
percent at pH 7 and exhibited infectivity, whilst none of the phage survived at
extreme pH conditions (pH 3 and pH 12) [10]. At a temperature below 37°C, phage
JSF9 was shown to be stable whereas, at 50°C, the phage had been rapidly
inactivated. Phage (VPP97) of V. parahaemolyticus have been shown to be stable up
to 65°C and were totally inactivated at 70°C [10, 61-64]. Bacteriophages were
detected to survive extremes over 95°C [52]. Bacteriophages such as T-¢pDO, T-
¢$D2S, T-pHSIC, and T-$pD1B exhibited a latent period ranging beyond 90°C [64].
The effects of temperature on the survival and infectivity of bacteriophages have
clearly shown that the physicochemical parameters are very important for the
survival and infectivity of phage [55, 58, 59]. Bacteriophages can be resilient to low/
high temperatures, salinity, pH, and ions. They can tolerate extreme environments.
New data on these along with therapeutic phage survivability, methods of their
preservation and transport shall be useful.

5. Phage therapy

A bacteriophage therapy is a treatment for a patient’s bacterial disease illness
that is provided after the patient has been diagnosed. Bacteriophages are the most
valuable and ubiquitous (10%H) organisms in the world, and are known to infect
>140 bacterial genera. Description of phages and their antibacterial activity has
initially been set up [6]. Bacteriophage therapy exhibits precise antibacterial lytic
activities that have turned out to be a really useful concept to kill even an intracel-
lular pathogenic bacterium and guarantee future development and consequently the
therapeutic phages are re-emerging. As a substitute to antibiotics, experimental
bacteriophage therapy might replace them when they fail to treat chronic infec-
tions, and such successful eradication of drug-resistant bacteria has been properly
identified and demonstrated [65-72]. A single dose of phage has been shown to be
more effective treatment than many doses of antibiotics such as amphetamines,
tetracycline but chloramphenicol [73]. Moreover, careful phage collection, propa-
gation, and purification requires complete experimental conditions. Such a focus
ought to assist in the improvement of medical phage therapy utilized to a variety of
systems, which is viewed an attribute on an emerging choice to antibiotic therapy
and vaccination. The consequences of phage therapy are dependent on the plan of
preparations and rout of administration of bacteriophage. The best possible admin-
istration route for phage preparations which should facilitate sufficient phages
coming into direct contact with the bacteria. Routes of phage administration vary
from oral, intravenous to multiple topical applications. There are different types of
bacteriophage preparations developed to facilitate direct contact of the phage with
the pathogenic bacterium for special bacterial infections and they are: (i) a phage
powder, phage-containing lotion or dry gauze layer containing phages could be
used for skin infections [74]. (ii) bacteriophages that have been sprayed dry become
phages that can be inhaled as powder [75-77]. (iii) aerosolized phage preparations
may be chosen for respiratory tract infections [76-78]. (iv) cream of phage
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preparations for skin infections. (v) injectable types of phage formulations [41, 47,
79]. (vi) phage infusion preparations may be considered for bloodstream infection
[80, 81]. (vii) capsules containing phages (encapsulation/micro-encapsulation) that
can protect particles from stomach acid inactivation should be preferred for gastro-
intestinal infections [75, 82]. An improved understanding of how synergic interac-
tions of bacteriophages, cocktails with antibiotics impact bacterial infection is
needed to stop unintentional inhibition of phage replication. Aerophages and IV
phages each rescued 50% of animals from severe MRSA pneumonia. A mixture of
aerophages and IV phages rescued 91% of animals, which was higher than either
monotherapy or cocktail phage therapy [12]. Phage alone or a mixture of phages
with antibiotics were treated against several bacterial infections in skin, blood, lung,
and chronic otitis [36, 66, 80]. In contrast, other clinical reports have shown that
some phages do not work due to constant infection and ETEC (Enterotoxic
Escherichia coli) -complex diarrhoea [42, 83]. However, the prevalence of MDR
bacteria is increasing, and our port drug portfolio is obsolete. The evolution of
antibiotic resistance bacteria has thus become a major world health care problem.
Clinical threats include MRSA, Mycobacterium tuberculosis and Vancomycin-
Resistant Enterococcus (VRE) [84-86]. MDR bacterial infection is challenging and
expensive to treat because of the increased resistance to all the antibiotics in prac-
tice. According to the Centres for Disease Control and Prevention (CDC), two
million people are infected with antibiotic-resistant bacteria, and 23,000 people die
each year in the USA from antibiotic-resistant bacterial infections. Prescribing
antibiotics for the treatment of only standardized bacterial infections may slow
down the process, but will not slow down the overall trend. Frequent use of antibi-
otics against diseases in humans and other organisms contaminates the environ-
ment and its cumulative effect on the development of antibiotic-resistant bacteria.
As the number of antibiotic-resistant bacteria increases, alternative methods must
be developed to effectively control them. Therefore, the use of antibiotics is a
danger. Bacteriophage therapy with specific phages or a cocktail of phages signify
an exciting alternative development to antibiotic therapy and vaccination. The
progress of bacteriophage assays, biosensor tools, and bio-nano-targeted drug
delivery system against drug-resistant bacteria elucidated. Bacteriophages are highly
specific to target bacteria, and hence its usage is targeted toward a specific bacterial
species and significantly minimizes off-targets effects on microbiome or human
patient, as bacteriophages do not directly affect human cells [87]. Thus, phage
treatment has been re-emphasized as the severity of drug-resistant bacteria has
increased [66]. Therapeutic bacteriophages, units and outcome of the treatment of
some antibiotic resistant bacterial infections are presented in Tables 1 and 2.

5.1 Personalized therapeutic phage

The term “personalised phage therapy” refers to the preparation and precise
targeting of phage(s) against bacteria isolated from infected patients. Phage therapy
has made extensive use of such a precise approach [80, 96], (Table 3). The patient’s
conditions need to be observed regularly to evaluate whether or not they are
improving, and clinical samples from bacterial infection sites should be assessed in a
timely manner to evaluate therapeutic efficacy, the emergence of phage-resistant
strains and efficient phage titers. Phage should be replaced once a particular phage-
resistant bacterium emerges [96]. If there are no phage in the library that kill a
phage-resistant bacterial strain, the bacterial strain can be further used as a host
bacterium to screen various types of samples (e.g., soils, faeces, urine) to isolate
new effective phage. Such new bacteriophages can be added continuously to enrich
the phage library if they meet the criteria. Phage therapy can be considered as an
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no

Therapeutic
bacteriophages

Type of
bacteria/
disease

Units of phages
used

Therapeutic effects

Reference

Two novel
bacteriophages,
PBABOS and
PBAB25

(MDR)
Acinetobacter
baumannii
Nasal infection

1 x 10° PFU of
phage cocktail,

intranasally injected

Mice treated with the

phage cocktail
showed a 2.3-fold

higher survival rate
than those untreated

in 7 days post
infection. 1/100
reduction of the
number of A.
baumannii in the
lung of the mice
treated with the
phage cocktail.

2018
Kyoungeun
Cha

[88]

2.

PP1131 -phage
cocktail

Pseudomonas
aeruginosa
Endocarditis

10'° PFU

Single-dose phage
therapy was enough

to control P.
aeruginosa EE
infections and act

synergistically with
ciprofloxacin. Phage-

resistant mutants
had impaired
infectivity of P.
aeruginosa.

2016
Frank
Oechslin
[89]

3.

Caudovirales phage
strains, MPK1 and

MPK6

Pseudomonas
aeruginosa
Peritonitis-
sepsis caused by
intraperitoneal
(i.p.) infection

Mouse-2 x 10° or
2 x 107 PFU,
Drosophila

melanogaster - 5 x 10

7 PFU

Mice treated with
phage had lower

bacterial burdens in
their livers, lungs,

and spleens. Both

phages significantly
delayed the PAO1-
induced killing of D.

melanogaster (P

< 0.001), although

MPK1 persisted

longer than MPK6 in

uninfected D.

melanogaster tissue
samples. Infection is
valid for evaluating

the antibacterial
efficacy of phage
therapy against P.

aeruginosa infections.

2009
Yun-Jeong
Heo

[90]

4.

Bacteriophage
(MSa)

Staphylococcus
aureus

Bacteriophage
(MSa) (10° PFU)

All mice in the

control group and

the group treated
with the lowest

phage dose 107 PFU /
mouse, died within

4 days (10/10 mice).
mice treated with an

intermediate dose

108 PFU/mouse were

incompletely

protected (2/5 mice

survived). mice

2007
Rosanna
Capparelli
[91]
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S. Therapeutic Type of Units of phages Therapeutic effects Reference
no bacteriophages bacteria/ used
disease

treated with the
highest dose 10°
PFU/mouse were all
protected from the
infection of S. aureus.
The phage MSa
inhibited abscess
development.

5. Arange of phages  Pseudomonas Approximately No adverse effects 2006

aeruginosa 400 PFU of phage  were observed. P. J.A. Sivera
Chronic (in 0.2 ml saline) aeruginosa was Marza
bilateral otitis were instilled into isolated from the ears [92]
externa the right auditory after treatment,
canal. there were recurrent

cycles of

improvement and

deterioration in the

condition of the ears

but they were better

than before phage

treatment

6. Phage WSa Vibrio vulnificus. 10° PFU Infected mice with V. 2002

Local and vulnificus may be Karen E.
Systemic treated to avoid local Cerveny
Disease and systemic illness, [93]

as well as death.

Phage therapy is a

viable treatment

choice for bacterial

infections.

7. Enterococcus Vancomycin- 3 x 10 PFU of the = ENB6 phage formed 2001
phages ENB6and  Resistant phage strain plaques on 57% of Biswajit
C33 Enterococcus the VRE clinical Biswas

faecium. isolates and inhibited [94]

Gastrointestinal the bacterial growth

tract infection- of an additional 22%

VRE bacteremia of the strains, thus

and exhibited an

endocarditis antibacterial effect
against 79% of the
strains. At higher
doses of phage, 100%
of the animals
survived with
minimal signs of
illness such as mild
lethargy in the first
24 hours

8. Cocktail of four Multidrug- Phage cocktail is The bacteria 2017
phages provided by Resistant normally applied gradually gained Scott LaFee
Texas A&M and Bacterial topically or taken resistance to the and
the San Diego- Infection. orally. Phages were  phages, but the team Heather
based biotech Acinetobacter injected compensated by Buschman
company AmpliPhi  baumannii intravenously and  constantly tweaking  [95]

into the abdominal  treatment with new
cavity through phage strains and
catheters. antibiotics, some of
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S. Therapeutic Type of Units of phages Therapeutic effects Reference
no bacteriophages bacteria/ used
disease
which they had

obtained from
sewage. The road to
recovery has not
been without bumps.
There have been
setbacks that have
nothing to do with
the phages.

Table 2.
Efficacy of therapeutic bacteriophages treatment of antibiotic vesistant bacterial infections.

example of personalized medicine for bacterial infections [80]. Phage resistance
may also be accompanied by changes in antibiotic resistance [99]. Therefore, the
antibiotic resistance profile of phage-resistant strains should be simultaneously
tested. The synergistic bactericidal activity of combining phage and antibiotics in
the clinical cases should be considered [100] and further treatment strategies using
phage alone and/or in combination with antibacterial drugs should be considered
based on the results. The development of phage-sensitive and -resistant strains
should be monitored regularly during phage therapy to see if phage therapy is a
viable choice for successfully dealing with this issue. A clinical trial demonstrating
the therapy’s beneficial effects is critical in verifying its medical importance.

5.2 Gangrene wounds

Gangrene is the death of body tissue due to bacterial infection or lack of blood
flow. Gas gangrene is caused by infection with a bacterium called Clostridium
perfringens which in turn produces toxins that release gas causing tissue death [91].
A concoction of bacteriophages has been used to cure gangrene which is lively
towards Staphylococcus spp., Streptococcus spp. and Clostridium [36, 50, 56]. Thera-
peutic efficacy of the phage has been improved, with the utility of “Pyophage” (a
poly-specific cocktail of phage), achieved after detection of the particular etiologic
agents and application of mono-specific lytic phage. The sequence of phage therapy
treatments consisted of washings of the wound with a phage preparation, followed
by subcutaneous injections of phage(s) as soon as to 4 instances per day. The utility
of phage therapy has led to the removal of 69% Staphylococcal and 50% Strepto-
coccal infections. Poly-specific (Pyophage, Sekstaphage) and mono-specific thera-
peutic phage cocktails developed have been used. Bacteriophages had been
administered locally, via subcutaneous injections, and orally. Notably, phage ther-
apy used to be carried out as a monotherapy, or complex treatment, which covered
phage(s) and antibiotics administration. The investigations revealed that compli-
cated treatment diminished the healing time by way of 1.2-2.5 times compared with
antibiotic treatment. Even application of bacteriophages unique to one of the infec-
tious agents in a wound expanded restoration and prompted quicker recuperation
and purification. Importantly, it has been proved that a single utility of a bacterio-
phage would now not be adequate to stop infectious lesion problems. However, the
investigators could not be concluding that the utility of bacteriophages barring
antibiotics is better, as they had been unsuccessfully handled with antibiotics.

They cautioned that the use of phage preparations supplied a fantastic impact on
mono-infection, whilst complicated treatment, consisting of bacteriophages and
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S. Therapeutic Type of bacteria/ Units of phages used Therapeutic effects  Reference
no bacteriophages disease
1. @2 Klebsiella The patient received ~ Local symptoms, signs 2020
(KpJH46®2) pneumoniae. daily infusions of of infection, and Edison J
Prosthetic joint 6.3 x 10" phagesin  recovery were all Cano
infection (PJI) 50 mL of normal improved with phage  [81]
saline each weekday  therapy. The patient
for a total of 40doses.  had no medication-
related side effects
and was asymptomatic
34 weeks after
finishing treatment.
2. Bacteriophage  Pseudomonas 1,000 PFU phage The infection tended 2018
OMKO1 aeruginosa. OMKO1 (10e7 PFU/ to resolve after a Chan, B.
Prosthetic ml) in 10 ml phage single treatment of K.
vascular graft OMKO1 phage OMKO1 and [97]
infections ceftazidime, with no
signs of recurrence.
3. Cocktail of 2 Multidrug- Dose of 3.5 x 10 > PFU When the patient 2018
bacteriophages  resistant every 6 hours. resumed C.
Pseudomonas bacteriophage Duplessis
aeruginosa, therapy, blood [98]
Bacteremia/sepsis cultures that had
after the ASD/ reverted to positive
VSD closures for many days
surprisingly,
reproducibly reverted
to sterile, which
coincided with clinical
progress.
4. A baumanii Multidrug- 2 x 10 PFU/mL, While the craniotomy 2018
bacteriophages  Resistant with an endotoxin site and skin flap Stephanie
Acinetobacter level of 3.5 x 10° healed well, feversand LaVergne
baumannii. endotoxin units (eu)/ leukocytosis [34]
Craniectomy Site  mL. The phage dose ~ continued. After
Infection given was 2.14 x 107 surgical debridement,
PFU/mL there were no more
signs of infection at
the craniotomy site,
and no purulence to
send for a repeat
culture.
Table 3.

Therapeutic bacteriophages for personalized treatments.

antibiotics, was once required for combined bacterial infections [101]. The use of
distinctive bacteriophages was once greater than therapy with unique poly cocktails
[102]. The most effective of this kind of custom-made phage therapy can be accel-
erated by using the specificity and virulence of phage to host strains. However,
modified phage preparations require certain planning due to the fact they can
incorporate temperate bacteriophages produced with the aid of a kind of scientific
bacterium which has been used for adaptation.

5.3 Burn wounds

Burn wounds of patients have risks of bacterial infections. The floor of burn
wound areas of sufferers may exhibit sepsis, lymphopenia, and intoxication. The
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S. Therapeutic Type of Units of phages used Therapeutic effects Reference
no bacteriophages bacteria/
disease
1. Lytic anti- P P. aeruginosa/  PP1131;1 x 10° PFU At very low 2017
aevuginosa E. coli per mL concentrations, Patrick
bacteriophages Burn PP1131 decreased Jault [83]
infections bacterial burden in
burn wounds than
standard of care
2. P. aeruginosa phages Pseudomonas ~ 10° PFU/ml of each No adverse events, 2014
14/1 (Myoviridae) aeruginosa, phage clinical abnormalities Thomas
and PNM Staphylococcus or changes in Rose
(Podoviridae) and S. aureus. Burn laboratory test results [106]
aureus phage ISP wound that could be related
(Myoviridae) infection to the application of
phages were
observed.
3. P.aeruginosa phages Pseudomonas 10 ® PFU/100 pl All the thermally 2007
aeruginosa inoculum of each of  injured mice that Catherine
Burn Wound  the following phages: ~ were not infected S. McVay
Pal (ATCC 12175-B1); with PAO1RIf but [108]
Pa2 (ATCC 14203- administered the
B1), and Pall (ATCC phage cocktail
14205-B1) (ATCC survived. The phage
catalogue of bacteria  cocktail was not toxic
and bacteriophages, to traumatized mice
Table 4.

Therapeutic bacteriophages for antibiotic-vesistant burn infections.

Figure 5.

Diabetic chronic non-healing wounds (NHW).

use of phage therapy was shown to be superb in eradication of pneumonia, the

drug-resistant (MDR) P. aeruginosa infections in the burn wounds, and stopping the
formation of sepsis [92, 103-107]. Therapeutic bacteriophages used for treatment of
antibiotic-resistant burn infections are detailed in Table 4. In a complicated remedy

comprising bacteriophages per OS and antibiotics, the use of bacteriophages has
proven higher medical consequence in sufferers with contaminated burns (29%

complicated instances of wounds) than in sufferers dealt with antibiotics (12.6% of
cases) [103]. The volume of therapeutic phage particles (>10° PFU/ml) used in the

remedy is proven to be very extensive and the high-quality result of cure varied
relying on the phage titer, routes of phage administration, sensitivity, specificity,

and accessibility of bacterial host to the phage, length of phage therapy progression.

A single dose (10° PFU/ml) of the phage BS24 has been confirmed to provide a
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wonderful impact and in contrast, no encouraging wound restoration response has
been determined when the phage cocktail BFC-110° PFU/ml has been utilized at
the wound floor [51, 92, 106, 109]. Dosage, remedy procedure, safety, efficacy, and
pharmacodynamics of two phage cocktails, suggestions to deal with E. coli, and P.
aeruginosa contaminated burn wounds are described [51].

5.4 Psoriasis

Psoriasis is a common chronic skin disease causing red and itchy scaly patches on
the scalp, knees, elbows, and trunk. The “Phagoburn project” aims to reduce bacte-
rial growth and reduce the incidence of psoriasis in patients with severe inflamma-
tion and infection. “Phagobon” has been used in the treatment of phage cures to
treat E. coli and Pseudomonas aeruginosa diseases. Phase I/II clinical trials were
established in France, Belgium, and Switzerland. Although this project is a break-
through in phage medical studies, i vitro trials and clinics are still needed to gain
widespread acceptance in the use of the therapeutic phage to treat people with
pathogenic diseases or MDR. A biodegradable polymer wound dressing called,
“PhagoBioDerm” is impregnated with numerous antimicrobial elements containing
the phage cocktail Pyophage, and the dressing exhibited a slow degradation and
presentation of the antimicrobial, and the release of phage particles for a long time
had been demonstrated, exhibiting higher healing of infected venous leg ulcers [36-
38, 96, 110]. The use of the PhagoBioDerm is promising for each remedy and
prevention of microbial infections in wounds [36, 111]. Therapeutic bacteriophages,
method of isolation, purification, and storage, units of phage, outcome of the
bacteriophage therapy and reference are listed in Table 1.

5.5 Diabetes ulcers

Exposed non-healing wounds on the feet are considered “chronic ulcers”.
Chronic ulcers show up in sufferers with diabetes, atherosclerosis, and varicosity of
the limbs (Figure 5). The healing processes of such chronic diabetic foot ulcers
(DFU) depends on the coexisting infection of aerobic and anaerobic microorgan-
isms’ viz. Staphylococcus spp., S. aureus, Proteobacteria, and anaerobes Anaerococcus,
Bacteroides, Clostridium, Peptonihilus, and P. aeruginosa [30, 31, 35-38, 110].
Antibacterial cure of ulcers infected with a variety of microbial organisms shall be
difficult [32, 33, 35]. Long-term administration of antibiotics for healing the ulcers
in diabetes mellitus sufferers may additionally be complicated and ineffective. In
such complicated instances of infected diabetic foot ulcers, phage therapy could be
an alternative or a supplementary treatment to antibiotics treatments. Phage ther-
apy used to be the most incredible in ulcers with one bacterial agent (100%),
however, a personalized phage therapeutic strategy can also lead to the removal of
pathogens in instances with combined infections. There are quite a few studies that
have described the efficacy and well-being of phage treatment of infected ulcers in
humans. Previous antibiotic treatment was unsuccessful with a mixture of microbial
infections of DFU unlike the results of the Phage therapy treatment of patients
[38, 96]. The fundamental challenge in treating such infected wounds was once the
inability to rapidly select phages towards all recognized bacterial diseases. Patients
with DFU infected with methicillin-resistant and methicillin-sensitive S. aureus
strains were effectively treated and cured with Staphylococcus phage Sb-1 [37, 111].
Commercially available phage cocktails can be chosen in every case following their
specificity to particular infectious agents in an ulcer. When no such precise phage
cocktail was once commercially available, a custom-made phage preparation can be
prepared. Commercially available bacteriophage solution has been used against
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infections of Escherichia coli, Pseudomonas aeruginosa, Staphylococcus aureus occur-
ring in Chronic Venous leg ulcers (VLU). No adverse events were reported for the
study product and no significant differences were determined between the testing
and control groups for the frequency of adverse events, the healing rate, or the
frequency of healing [110].

5.6 Urinary tract infections

Acinetobacter baumannii is a Gram-negative nosocomial pathogen involved in
human bacterial, meningitis, and respiratory infections (Table 5). A 68-year-old
man with diabetes developed necrotizing pancreatitis, a complication of a pancre-
atic pseudocyst infected by the multi-drug resistant strain of A. baumannii [80].
Despite antibiotic treatment, the patient’s condition deteriorated rapidly. Bacterio-
phage treatment has been initiated as part of an urgent new drug protocol. Com-
mercially available Pyo bacteriophage solution (prophages; 20 mL) was used to
enhance the treatment effect in the urinary tract infections in patients undergoing
intravenous bacteriophage therapy TURP [112]. At very low concentrations of
bacteriophage PP1131, the burden of the bacterium P. aeruginosa in burn wounds
was less than the standard of care [83]. In another case of treatment, a solution
consisting of 10’~10° PFU/mL of the bacteriophages was introduced 2 times per 24
hours i.e., 8.00, 20.00 for 7 days, soon after surgery [113]. The patients were
requested to hold the solution in the bladder for 30-60 min to control Staphylococcus
aureus, E. coli, Streptococcus spp. (Streptococci group D renamed as Enterococcus
spp.), Pseudomonas aeruginosa, Proteus spp. of urological infections of urinary tract
infections after transurethral resection of the prostate. After treatment, four
patients presented no significant bacterial growth while E. coli and Enterococcus spp.
were still detected in the urine culture of four and one patient, individually. Bacte-
rial counts decreased in six out of nine patients (67%), after the phage therapy
treatment. No bacteriophage-associated adverse events have been detected. In one
of the patients, (cephalosporin was given on day 3 after the development of fever
(>38.0°C), the symptoms disappeared within 48 hours. Urine culture showed P.
aeruginosa [113]. Intravascular bacteriophage therapy is no less than standard-
protective care of antibiotic treatment, but it is no better than placebo bladder
irrigation in terms of efficacy or safety in treating UTIs in patients with eruption.
The data indicated that infection of the six lytic bacteriophages, each at a titre of 10
PFU mL — 1.20 mL (~2 x 10’ p.f.u.) Pyo-phages were self-sustaining and self-
limiting, with the phages decreasing in number along with the viable target organ-
isms in which they replicated [114].

5.7 Pneumoniae

Bacterial pneumonia is an infection of Streptococcus pneumoniae, Klebsiella pneu-
monia, and Mycoplasma pneumoniae in each lung inflicting irritation in the alveoli or
air sacs stuffed with fluid or pus, making it is hard to breathe. Pneumonia Phage
(D2 (KpJH46D2)), Klebsiella pneumoniae examined for K Joint affected person
against prostatic infection [43, 44], (Tables 1 and 3). The affected person received
6.3 x 10" phages in 50 ml of normal saline solution and forty, doses every week. As
a result of the treatment of phage, the local characteristics and K. prneumoniae
infection symptoms had been resolved, the overall performance also had been
restored. The affected person did now not experience any adverse effects related to
treatment and remained asymptomatic within 34 weeks of completion of phage
therapy when receiving minocycline. Intravenous injection of a single dose of
2 x 10” PFU of lytic bacteriophage of multidrug resistance Klebsiella pneumoniae KP
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S. Therapeutic Type of bacteria/ Units of phages Therapeutic Reference

no bacteriophages  disease used effects

1. Pyo Urinary tract Intravesical Pyo Intravesical 2021
bacteriophage infections bacteriophage bacteriophage Lorenz
cocktail (Pyophage; 20 mL)  therapy was found  Leitner

or/intravesical to be comparable to et al,,
placebo solution regular antibiotic [112]
(20 mL) twice daily therapy. In terms of
for 7 daysina eptitude and
double-blind protection in
fashion treating UTIs in
patients undergoing
TURP, however, it
was not superior to
placebo bladder
irrigation.
2. Pyo Staphylococcus The bacteriophages Four patients had 2018
bacteriophage aureus, E. coli, have 107-10° PFU/  no noticeable Aleksandre
Streptococcus spp.  mL. The solution bacterial growth Ujmajuridze
(Streptococci was given twice after treatment, [113]
group D renamed  every 24 hours, at  while E. coli and
as Enterococcus 8a.m.and 20 am., Enterococcus spp.
spp.), Pseudomonas for seven days, were still contained
aeruginosa, Proteus beginning the day  in the urinary
spp. urinary tract  after surgery. The  cultures of four and
infections after patients were one patient,
transurethral advised to keep the  respectively. After
resection of the solution for 30— phage therapy,
prostate 60 minutes in their  bacterial counts
bladders. decreased in six out
of nine patients (67
percent). There
have been no
reported side
effects. The
symptoms in one of
the patients
vanished within
48 hours after
receiving
cephalosporin on
day three after
developing a fever
(>38.0°C). P.
aeruginosa was
discovered in urine
culture.

3. A baumannii- A. bawmanmii. Average endotoxin  The administration 2017
specific lytic Necrotizing levels of of bacteriophages Robert T.
bacteriophage pancreatitis bacteriophage intravenously and  Schooley
cocktails PC, IV,  complicated by an cocktails PC, IV, percutaneously into  [80]
and IVB, PC AC4, MDR A. and IVB were the abscess cavities
C1P12, C2P21, baumannii 2.4x10° EU/ml, was linked to the
C2P24 infection 5.89x10° EU/ml, patient’s clinical

and 1.64x10° EU/ course being

ml, respectively 4 reversed, clearance
x10° PFU of of the A. baumannii
bacteriophages, infection, and a

5x10° PFU of
bacteriophages PC
AC4, C1P12, C2P21,

returning to health.
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S. Therapeutic Type of bacteria/ Units of phages Therapeutic Reference
no bacteriophages  disease used effects

C2P24,

Intracavitary,

Intravenous 2

4. Lytic Pseudomonas Six lytic The bacteriophage ~ 2011A.
bacteriophages aeruginosa, bacteriophages, infection was self- ~ Khawaldeh
Urinary tract each at a titre of 10° sustaining and self- [114]
infection PFUml -1 limiting, with the

...20ml (~2 x 107 phage’s number

p.f.u.) Pyophage declining in tandem
with the number of
viable target species
in which it
replicated.

Table 5.
Therapeutic bacteriophages for antibiotic-vesistant Urinary tract bacterial infections.

1513/mouse protected animals from sublethal pneumonia. The severity of pneumo-
nia has been shown to be low. Compared with the untreated control, Phage-treated
mice are more unlikely to develop Klebsiella pneumoniae in the lungs. Phage KP
1513, has a significant antibacterial impact iz vitro and in vivo, and its host K.
pneumoniae is multi-drug-resistant. Phage KP 1513 can be used as choice to antibi-
otic treatment for pneumonia caused by Klebsiella pneumoniae [44]. Aerophages/
Intravenous injection of bacteriophages saved 50% of animals from severe MRSA
pneumonia compared to placebo controls. In contrast, administration of bacterio-
phages by both the aerophages and IV phages rescued 91% of animals, which used
to be greater than either monotherapy. Standard-of-care antibiotic linezolid saved
38% of animals [79]. The natural phages belonging to Caudovirales including order
Siphoviridae, Myoviridae, and Podoviridae had been separated from the clinical
strains of multidrug-resistant K. pneumoniae. In vitro lytic activity of phages on
isolated bacteria revealed 70% coverage of 33 isolated antibiotic-resistant strains,
of which 50% targeted multiple phages. Overall, these results suggest the
possibility of phage detection by strong action against antibiotic-resistant KP strains
and may furnish a new therapeutic approach to the treatment of ESBL and CRKP
infections [115].

5.8 Diarrhoea

Bacterial diarrhea occurs in humans if infected with bacteria such as Salmonella
and E. coli. Symptoms of diarrhea appears if the lining of the intestine is unable to
absorb fluid, or secretes fluid, and bowel activities become loose or watery 3 or
more times a day. Loss of fluid and electrolytes were encountered as a result of
diarrhea [42]. In a placebo-controlled clinical trial, oral administration of Coliphage
10° PFU against Escherichia coli 3 times/day/4 days showed no significant clinical
benefit between the control and test group (Table 1) [51, 83]. Fifteen healthy
volunteers with Escherichia coli diarrhea received Escherichia coli phage T4 dose
(103 PFU/ml), high-phage dose (10° PFU/ml), and fifteen healthy adult volunteers
received low dose Escherichia coli phage (PG4). Volunteers receiving high-dose
(10° PFU/ml), high-dose phage showed stool phage 1 day after exposure. This
prevalence is only 50% in those receiving low-dose bacteriophages. One week after
the 2-day course of oral phage application, no faecal phage was detected. Oral phage
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application did not reduce the total stool E. coli count. In addition, no significant
phage T4 replication was found in the early E. coli population. The study described
the production of phage cocktails for use in clinical trials and Phage preparations are
already entering clinical trials [51, 83]. Phage therapy has recently been re-
emphasized due to the severity of drug-resistant bacterial infections [9]. Antibiotics
alone or with antibiotics have been used successfully to treat a variety of bacterial
infections, including atherosclerosis, lung and lung infections, chronic otitis, skin
burn infections and enteric infections [65, 68, 80, 92, 116]. In contrast, other clinical
reports have shown that bacteriophages are less effective than expected due to
inadequacy or coverage for topical bacterial infections and ETEC (Enterotoxigenic
Escherichia coli) [42, 83]. In addition, published reports show no side effects in
clinical trials or no adversative actions associated to phage application [51, 117].

5.9 Tuberculosis

Tuberculosis (TB) is a lung infection caused by the endogenous bacterium
Mpycobacterium tuberculosis. First-line TB drugs drugs like rifampicin and isoniazid
are resistant to certain types of multidrug-resistant tuberculosis (MDR-TB). In
2018, 484,000 new TB patients failed to respond to rifampicin, according to the
World Health Organization (WHO). Seventy-eight percent of these patients have
tuberculosis with multidrug resistance (MDR-TB) [118]. Mycobacteria exist in over
170 distinct species, each with its own pathogen development in humans [119].
Mycobacterium ulcerans and M. leprae, in addition to tuberculosis, Mycobacterium
ulceration and Mycobacterium leprosy, respectively, cause Barley ulcers and leprosy
[120]. Alternative therapies for MDR-TB are important for disease control, partic-
ularly as newer approaches to mycobacteriophage therapy emerge. To date, 11,282
mycobacteriophages have been discovered [121]. M. smegmatis, a non-pathogenic
vector, can transport phages to the same intracellular compartments as M. tubercu-
losis [122]. M. mycobacteriophage D29’s antimicrobial value was doubled after it was
given twice in a 24-hour period to treat tuberculosis H37RV [123]. Aerosolized
bacteriophage D29 treatment reduced TB cases in the lungs and vaccinated mice
against tuberculosis [124]. Tuberculosis-prone health workers can benefit from
aerosolized mycobacteriophages. D29 was used to treat burly ulcers caused by
Mycobacterium ulcers in the Marine Footpad model [125]. As the disease pro-
gresses, infected patients experience necrosis of the skin, subcutaneous tissue, and
bone, necessitating surgical skin rupture. Mycobacterial and pathological counts
were decreased after D29 was injected subcutaneously. In footballs and lymph
nodes, it causes the development of water-borne cytokines. This approach was used
to deliver the lytic mycobacteriophage TM4 to M. tuberculosis-infected RAW264.7
macrophages, which decreased bacterial counts. On the other hand, the phage was
found to be inactive on its own. M. smegmatis-TM4 complex substantially reduced
bacterial counts in M. avium-infected mice’s spleens, while TM4 or M. smegmatis
alone had no effect [126]. Phage cocktails may be used to overcome phage resistance
tuberculosis.

5.9.1 Endolysin therapy

Endolysin therapy is a major part of phage therapy. Endolysins are considered
protein-based antibiotics or antimicrobials. The purified endolysin is a powerful
antibacterial agent for curing bacterial infections in human beings and animals. The
efficacy of endolysin enzyme, host bacteria, bacterial disease and the therapuetic
use in experimental animal models is listed in Table 6. Endolysin is an enzyme used
by the bacteriophages to degrade the bacterial host’s peptidoglycan from the inside,

121



Bacteriophages in Therapeutics

sursA[opua oY ], "IN0Y T UM %G6

yunqns gOA1d

[1€1] 4q (SNAD) uoIesIuO[0d Te[N{[EoBIIUL Aq payerpaw
Ll paonpai pue asuodsax asop ‘@ukzuaofoy
910C B PaMOYS SUOIIENUADUOD 19MOT  DA[d LM [wy/3r 06 yam Jusuness], [/ urens souadold snooooidasis a8eydoraioeq 1 DAd S
Sna4np S Ten{[2deIIul
Komsap o3 Ayiqe oy pue -7 uorsny o[drn (WU £0T) [w/3 87/
UOTEDIPEID W[oIq payensuowap 3~ uotsny a[dun ¢(u £6) [wy/8 £ (1847 pue
snaany °§ ‘sugpisvus g Jo =3[ uorsny oydin ¢ (A[panoadsax ‘u ¢ urydeisos£T)
[0€T]  [opow asnour e pue s[[ad [eryirde pue ]Nu /) [u/3 g'( UOIBUIquUIOd sase[o1pAy
“n Areurureur parnjnod uj "pasn sem ur (3] + ) dsAT pue urydelsosA ueoA[3opndad
‘g axoag  urydersosA] 3 9oz uaym Juadrad /g S(NU 048) TW/3 /1 ISAT ondjojdyders
9107 £q pasea1dap sem UOIIeSIUO[0d [eSeN S(Nu £2) Tw/3 //0 urydeisosAT snauny sn22020]lydpis surajoxd ursA| a8eyd Jueurquiosay Sunoesrdiry, ¢
“(VSYIN) Surmord woiy snauny °g ‘pus a3
jueystsaz-urpporgaw paddols §SsA 1e parjdde sem ggsAT Tur/3w G7'T
*ds wppauousps pue ‘vsoursnion ‘[om yoes ur [pm 1od gHIN T JOo
‘d MAN ‘oviuownoud YA T 00T Y Buore ([2m/8 002-07)
09 YA Uuuvwnvq Y QN ~ SUOLBIIUIDIUOD JUIJJIP 16 Pappe
[6¢1] 3surede Aj1anoe parensuourap SSsAT  sem §SsAT “wayy Ajund pue ([om aviuounaud Y[ ‘snaanv (¢9a) @S 171d
g wry| ‘rosiiqesuriad sueIqUISW 1IN0 /()4D $0T) eL1e10eq umoid A[ysaxy 'S ‘unoanf i ‘vsourdniav g ‘109 1702 3 JO S[[99 Isoy 3y} woxy payyrnd
020¢ ue ym Jusunesan-aid moyipn ayerodioour 0} pasn sem gHIN F ‘Huuvuinpq y “dds vjjouousgys sem urajoxd Jueurqurodar §SsAT SSsAT ¢
*SUOIOAUT
DIYD surede apreq a3 ur astwoxd
moys saserauk[odap spnsdes
JuanIIA-nuy “Surp[ny Jusurajdurod (evodq
[gcr] wmias 03 suoid er1a3oeq pue zpod()
“A NIy 150y 2y} parapuai saserswk[odap (DD) avruownaud o3emas  soserowkjodop
0202 ¢yodq pue gpodq yrog (Bu 0g) epodq 10 gpodq  wyparsgapyy Juelsisax wouadeqie)  MeI B WOl paje[ost SOZHINI 25eyd smmsdeo om], ¢
“Junod Auojod ur syusurasoxdurr ‘Tu/Su 0g/ pue ‘qui/Su oG/
[£e1) 1ofewr pamoys paurwrexs ‘[ur/du G/ ‘qui/3u G/ :SUOILIUIIUOD
“y ‘e  SUOIILIIUDIUOD Y} JO SUOU ‘QWAZUD JUDIJIP INOJ JB pajen[ead /SdyeddI
0207 Y3 YIM UONEBQNOUT JO SINOY 7 191V sem aserowkjodap /6dpyedd avmownaud | vedd] 98eyd ond aserowihjodo '
ou
ERLERENE) $199330 onanderay J, swkzus Jo yup 3sBasIp/eLa)oeyg saSeydorialoeq/sadsanog swfzuy g

122



‘uoxrdnur Jo asn a3 01 dATIE[AI
aoue)stsax dofoaap 03 saads YSSIA
PU® VSN 103 AN[Iqe 3y paonpas
SAID 30 asn a3 ‘oA uf "SA[D

y3m uononpai Sof-¢ e 03 paredurod
[uoxidnur yym uononpai oy

-z e yim ‘qupoxndnur ueyy (VSYIN)

[g€1] SN2INE *G JUBISISI-UI[[IDIYIdUL
‘I ‘eideiseq pue (VSSIAl) er110eq o[qudadsns
110C -unprIyIRwW 210w P2y SAID

wd1 000y

1€ saynurw 0T 10§ padnjLiuad
sem amjxrur 3y, “1oydenby

ur S0 %01 JO 3SOp © M

Sdd jo [ 1 Sururquiod £q oxyia ur
paasay sem A31anoe GA[D [eordo,

surexs
snaAnw sn20001fydpig aAnISUSS
- PUB JUBISISOY-UI[[IDIYISN

(S41D)

a8eyd oyyroads-snodooojAyderg  ursA ouauryD

‘nAD Ul uondnpal

8o1-9¢°¢ ® ut paynsa1 Loy} ‘01wt

ur 19430803 paisal axom (pueyd/yoes

3 g zr) urydelsosA| pue qeHS-MSAT

-q-TVS uayM\ "A[panoadsar qur

[ez] /8 00T e Y ¢ urgam syun Sof | pue ¢

‘IN Aq peo] [B1193108q $naun *§ Pases1oap
“PYIPUIYDS qEHS-MSAT-3-TVS Pue GEHS
7107 -0s&T-F-7vS ‘[onuod o3 pareduon)

qEHS-MsAT

-H-TVSY 10 qEHS-0sAT-H-7VSY

30 3l Gz Jo uorsnyur -)sAT-F-TYSY
pue qgHS-0sAT-g-7vSY ‘Tu/3rl o1

snaunv sn22020]lydwis

qeHS

MSAT-H-TYSY

(sasejoapAy ueoA[Sopndad) pue qeHS
sursAjopus a3eydorraioeg -08AT-H-TVSY

[eeT] ‘punom wing asnour e ut
H ‘Sueg snounv 'S AN Isurede [eraroeqnue
/10T 9AT109]Jd Ue ST UISA] dLIoWIYD)

(esnowr/NAD ,0T X 1) punom
umq pa3oajul TROTISHM VSYIN
Jo [opowt asnout/ TOTISHM NAD
,0T X 9 T80TISHM

NdD ,0T x 9 “By/8w ooT

JO 9sOp WnWIKeUI B M 3y

/3ur oG pue ‘G /¢ ‘Gz a1e sasop JA[D

T80TISHM

VSUIN YHm pojosjul punom
wing *snainp snaa020jlydvis
JUB)SISAI-UI[[IDIYIDUL

aansod-urern) gunoajur sadeyq

BLIDIORq
ursA[ oLrauIryD

/ldx.doi.org/10.5772/intechopen.97619

http

*Apueoyruds s gD Ads
Ie[N][20RIIUL 2DNPAI O} Pa[rej ‘puey
1230 a3 uo ‘sadeyd [esdoo01dans

00£A1d PuE 0gg 2y woy

Therapeutic Efficacy of Bacteriophages

DOl

DUIJY $31093))° Omuv—.-n:whvﬁrﬁ

swkzus Jo yup)

aseasIp/erialoeq

saSeydorialoeq/sasanog swdzuyg

123



Bacteriophages in Therapeutics

[9€1]
T ®RPD
8007

Sury Jusdrad 18 o[IyMm ‘paarasqo
sem Gurpny qusorad ¢ qui/myd 0OSH
Jo asop Junenoour ue YA\ P[]
st suaqn °S *sisA] Juspuadap-wniofed

‘prdex e paonput av1vrdy S
10 “snauny *§ 1700 i Isurede ANAnOy

(/31 05) 00/41d

2v1300]P35Ap
$1220203d2.415 “sauaodd
$1220203d2.415 “sta2qn sn290003d2435

00£41d
(L0¥00L DDLV) stiaqn s1200003dass uis1 T1

[£11]

‘N
‘YIeIUIZIN
600¢

“Appomb

PI9A0031 9DTUI PaYEAI] ‘UONIIUL
19)Je SINOY 4 1Y "dUIL) Y}
Jojuaorad QT uonosyur eruownaud
[e3B] ® paAIAINS 201w pajean--[dD)

snouwr
7-1dD 30 ssop 8r-000231 0007 ¥

snSuruaw

‘spryouolq eruraondss <(INOV)
BIpaW S1N0 21noe /aeruournaud
'S JuelsISaI-dI0IqIIUY

sursA[

a3eydorragoeq [esdod01dang [ed0000wmnaug ‘0T

[set]

d ‘eroren
010t

"spmyrudewr jo 19pio ue £q Ayanoe
o1A[ sGHSAT paseaiour uisiN
‘suorsuadsns [[20 uQ ‘A[panoadsax
‘sawn 9T pue 49 Aq pasea1dap
9I0M SUOIIBIIUOUOD AI1031qIyul
wmuwruru GHsA pue ursiN
"PaAIasqo Sem 199330 dnsidrouds
JuedyrudIs e ‘UID0LId)Ok] © “UISIU
YIM PauIquIODd sem GHSAT USYAA

60TSAT INU 00€

snaunv sn22020]lydpis

88V'1dI-SneS
-1yd a8eydorialoeq [eooodojdyderg GHsAT uisAjopug ‘g

uisiu pue

[¥eT]
V ‘prueq
0102

‘yyeap ondes

1surede aouayop onsidrouss paiagjo
‘urf[Ioexo 03 uonIppe ur ‘S|
‘yreap ondoes YSYN JO [opour asnour
B U] "paAlAIns pue SA[D Jo asop
[esuojradenyur of3urs e uaard arom
oo eruradndas PaldayuI-yYSYIA
“1noy auo ur sdo om3 £q s[[eo
VSN Jo AN[IqeIa o3 pasea1dap
SAID yam usuneany o[3urs e ‘epow
UOIIBZIUO[0JIP [ESEU ISNOUIL B U]

‘sanuIw G Ut 90§ Aq 9oueqIosqe
paonpai ey} uonnyip ursA[ 1soy3Iy
a3 Jo [ed01dda1 3y} SB PaqLIdSIP
sem anqiiu 1od Ay1anose gA[D jo
JIUN ) SISOP Ik UI[[IDeX0 pue SA[D
‘SA[D 3o asop [eauojuradenur suQ
N/ T 30 Sur/) 00T

‘SAID yim Jusunean spdurs y

snauny sn22020jlydpis
JUBISISOY -UI[IDIYIRN

(cNNTyd) ursAp a8eyd snainp

'S 19poue woiy urewop SuraSey

-[[eM [[9 [BUIULI}-D) YILM UISA]

a8eyd 110M ], snaunv g jo urewrop
onATeres [eururial-N Jo uorsng sfp 8

DUIJY

53109330 onanderay

swkzus Jo yup

aseasIp/erialoeg

ou

sadeydorialoeq/saoinog swkzuy g

124



"Sasvasip wi210vq uo soulzuz Jo s1affp oumadvaoyy :Advaayr uisdjopuyy

‘9 dqeL

lecT]
' ‘uos[aN
100C

*901U
[011U0D 31 JO %( QT 03 pareduiod
P9ZIUO[0D 212M DTUI PI)EI}

ursA] 9y3 Jo SUON "IdIW UL Y5
Jo uoryeziuojod A10jeirdsar roddn
pareururfa A[nyssadons uisA] DAIJ

1949

onewnays snidudreyd /ssuaSodd

'S (SYD) 10900001dans y dnoin

asnow ‘DA[g Jo Su gr  ‘1d20501dons g pue D ‘v sdnoin

1D 23eydorraoeq esd0003dong

us] DAId +1

‘wnnoads
o1A[ peoiq e palqryxa uisA| a1 sniy}

/ldx.doi.org/10.5772/intechopen.97619

http

Therapeutic Efficacy of Bacteriophages

DOl

[8¢€1] ‘©o0001danis ) pue g ‘y sdnoin
*d “Guoog pue sna2020]dydpis 1suredefianoe (snododoIayuy
002 ond| panqryxe ursA| oy, Tw/N Sz 38 TIALL 30 1 00T JUBISISIY -UIDAWOIURA ) HIA a8eyd sywoonf -y AL €T
sisdas pue spiduruaur
[B12UOSU JO d)e1 Y] 9ONPal UeD)
‘SUIOQ-MAU WOLY
SgD SreurI[d 0} JUBUIWEIUOIIP
® Se pasn aq ued SgHA[d
'Sgo ym padusyreys AjreurSea
[£€1] U23q Pey 1By} ITUI UTUS[[dD uawom Jueudaid ur uoreziuojod
D Suayp [eLIS10®q 311 Jo uononpal OT30] € DA1d payrnd eurdea (Sgo) [eoood01dams
G00Z ®asned pnod sgoAd Jo asop a[duig 30 11 00T ‘SgDHAd Jo asop a[duig g dnois 103 onoejdydoig a3eydorialoeq [eodooordeng Sgohid Tl
‘[W/ngd 009 03 PAONPII SeM
wn[noour 9y} USYM PIAIISGO SEM
ou
ouUdIdyRY 5109)30 onanderayy, swkzus Jo yup) aseasIp/eLdloeyg saeydoriaoeqsaoinog swihzuy g

125



Bacteriophages in Therapeutics

resulting in the release of cell lysis and offspring virions [23, 115]. In vitro and in
mice models, the recombinant phage-derived lysins exhibit highly efficient bacteri-
cidal activity against multidrug-resistant E. faecalis. Endolysin LysEF-P10, EF24C,
Lys168, Lys170 PlyV12 LysEF-P10, IME-EF1, and lysine CF-301 zap methicillin-
resistant Staphylococcus aureus (MRSA). Antibiotic-resistant S. pneumoniae/ Acute
otitis media (AOM) infected mice exhibited a quick recovery from infection after
24 hours when they were treated with CPL-11 (therapeutic pneumococcal lysin
streptococcal bacteriophage) at a dose of 2,000 pg [117]. The mixture of lysostaphin
and the chimeric phage lysin ASA2E-LysK-SH3b synergistically kill S. aureus in vitro
and in mouse models of bovine mastitis [140, 141]. Some lysins, such as CF-301, N-
Refasin, P128, and Art-55, are at various stages of pre-clinical or clinical develop-
ment and are antibacterial for the cure of multiple antibiotic drug-resistant (MDR)
infections of Gram-positive, and Gram-negative pathogens. Synchronization of
pneumococcal phage lysine with CPL-1 and autolysin LytA eliminates Streptococcus
pneumonia, S. pseudopunemonia, and S. aureus [80, 140]. Endolysin shows synergis-
tic action with phage lysin LySMP or antibiotics that are very specific to cell wall
components and is considered an alternative to drug antimicrobial therapy because
lysine kills target bacteria rather than other microorganisms. There has been a
significant increase in potential applications of phage lysin which is specifically
promising, kind of topically applied therapeutics, and lysin also becomes a practi-
cable alternative to antibiotics in long-term systemic therapy [117, 142, 143].
Endolysins have been used effectively in medical applications. They exhibit specific
antimicrobial activities in controlling and treatment of pathogenic bacteria such as
Streptococcus and Staphylococcus. Beneficial synergistic interactions increase the effi-
cacy of treatments and reduce the risk of resistant strain development. There was
no inactivation nor adverse side effects detected in vivo. The creation of chimeric
proteins by rearrangement of functional domains of lysins of multiple species
established molecular engineering of lysins which can increase lytic activity, widen
specificity, advance binding affinity, enhance solubility and reduce the chance of
resistance formation, thereby optimizing lysins for specific applications. Moreover,
endolysin-based antimicrobials viz. (Outer membrane permeabilizers (OMPs) and
protein transduction domains (PTDs) are used to control Gram-negative and intra-
cellular pathogens. Molecular engineering of lysins is predicted to gain momentum
in the coming years and the dogma of endolysins to be effective only against Gram-
positive bacteria when applied externally to decrease [144].

5.9.2 Side effects

Most of the drug resistance in bacteria studies had been carried out on the use of
in vitro and in vivo experiments in animal species with a particular look upon human
studies. Predicaments of the misuse of bacteriophages as medicament specialists are
in many situations recognized into four classifications: (1) phage selection, (2)
bacteriophage have host-range restrictions, (3) the uniqueness of phages as
recommended medications, and (4) uncommonness with phage. Studies on T4
phage had recognized no massive fitness effects and pronounced negative results
such as inconvenience, itching, wetness, and unattractive scent, unfavourable
events, sore throat, belly pain, nausea, extended peristalsis [65, 66]. Staphylococcus
bacteriophages proved drug intolerance and hypersensitive manifestations at the
site of injury on days three to five of bacteriophage therapy, and hepatalgia was
detected after several hours [145, 146]. Adverse activities occurred in six (21%) of
28 victims in the Pyophage team in distinction with 13 (41%) of 32 victims in the
placebo group Urinary tract infection intravesical Pyobacteriophage (Pyophage;
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20 mL) [112]. A cocktail of 12 lytic anti-P aeruginosa bacteriophages in the PP1131
group, twenty-three (23%) of 13 analysable individuals had adverse reactions ver-
sus seven (54%) of 13 in standard-care-group [83]. It is gratifying to understand
renewed interest in bacteriophages which is nature’s different tailored solution to
the problem of antibiotic-resistant bacteria. Beyond the urgent problem of
untreatable infections, detailed research of bacteriophages have the possibility of
finding, exhilarating new biology, molecular mechanisms of RNA-guided DNA
targeting and cleavage by the Cas9 enzyme Cas9 in genome engineering effective
use of CRISPR-mediated understanding of CRISPR-Cas9 mechanisms genome
engineering in clinical applications CRISPR biology exemplified via the transfor-
mative discovery of CRISPR-Cas DNA editing structures and phage-encoded anti-
CRISPR defences [51]. We’re on the verge of entering an exciting new era in phage
technology and applications, thanks to advanced molecular methods, devices, and
applications in medicines.

6. Conclusions

In this chapter, the lytic bacteriophages’ efficacy has been reported. Therapeutic
bacteriophages have been shown to prevent the growth and replication of a variety
of pathogenic bacteria in humans, resulting in improved recovery, health, and
survival of infected individuals. Since no or few side effects have been reported,
phage therapy is medically safe and effective against bacterial infections. Personal-
ized treatment is presented for phage-resistant gangrene bacterial strains, burn
wounds, chronic ulcers, psoriasis, bacterial diarrhoea, urinary tract infections,
pneumonia and tuberculosis. Producing higher-quality phage cocktails against spe-
cific bacteria groups and making them readily available in all areas, regardless of
geography, economics, or climatic conditions, is, however, advantageous. Phage
therapy is one of the most effective methods for controlling microbial infections
that occur in a variety of species at different times. Expanding research to other
organisms may be one of the most useful techniques for collecting evidence and
validating the phage therapy’s utility and therapeutic potential. Understanding
infection mechanisms, phage tolerance, phage therapy effectiveness on targeted
pathogens, and their effects on the normal microbiome can all aid in improving
biocontrol strategies. A scientific logical approach is needed to develop long term
storage and transport of therapeutic bacteriophages with a common guideline for
the use and safety of phage therapy. The production of new medicines, innovative
methods, and management practises to mitigate the risk of infectious agents being
introduced and to reduce predisposing factors may be needed in the future to
control bacterial diseases. The discovery of novel phage-host interaction methods
and the understanding of how bacteriophages control their hosts will be aided by
future studies on the complexities of phage lifestyles and dynamics, bionomics in
natural systems, genome and viriome analysis, proteome analysis, genes coding for
their proteins, and DNA polymerase phylogeny. To reduce the risk of infectious
agents being introduced and to reduce predisposing factors, future bacterial disease
control would depend on the development of new drugs, methods, and manage-
ment practises. In response to the threat posed by multiresistant “super bugs,” the
use of phage endolysins, as well as possible applications of these enzymes in medi-
cine, food protection, agriculture and veterinary medicine, biotechnology, and
environmental sciences, has increased significantly. The significance and trend of
research on bacteriophages and their applications is expected to continue as the
quest for new antimicrobials intensifies in the near future.

127



Bacteriophages in Therapeutics

Acknowledgements

The authors thank Ms. Janana Priya for her assistance in the work. The authors
also acknowledge support from Sree Balaji Medical College and Hospital for pro-
viding facilities and encouragement to complete the work. Govindan Dayanithi
belongs to the “Centre National de la Recherche Scientifique-CNRS-French Minis-
try of Science and Higher Education”.
Author’s contribution

Both the authors (Palaniappan Ramasamy, Govindan Dayanidhi) have made
equal contributions in the conception, design, and execution of the described study
and in drafting the manuscript writing and discussion.

Conflict of interest

The authors (PR, GD) declare that there is no financial or conflict of interests.

Author details

Ramasamy Palaniappan™ and Govindan Dayanithi®*

1 Director-Research, Research and Development Wing, Central Research
Laboratory, Sree Balaji Medical College and Hospital, Bharath Institute of Higher
Education (BIHER- Bharath University), Chennai, Tamilnadu, India

2 Molecular Mechanisms in Neurodegenerative Diseases Laboratory, MMDN,
University of Montpellier, EPHE-Sorbonne, INSERM, UMR-S51198, Montpellier,

France

*Address all correspondence to: researchsbmch@gmail.com;
ramasamy_p@hotmail.com

IntechOpen

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium,

provided the original work is properly cited.

128



Therapeutic Efficacy of Bacteriophages
DOI: http://dx.doi.org/10.5772 /intechopen.97619

References

[1] Marks T, Sharp R. Review:
Bacteriophages and biotechnology: A
review. Journal of Chemical Technology
and Biotechnology. 2000; 75:6-17
https://doi.org/10.1002/(SICI)
1097-4660(200001)75:1<6::AID-
JCTB157>3.0.CO;2-A

[2] Palaniappan Ramasamy Phage
Therapy for Control of Bacterial
Diseases. Crustacea, 2020, https://doi.
org/10.5772/intechopen.88043, Intech
Open

[3] D’Hérelle F. Surun microbe invisible
antagoniste des Bacillus dysentérique.
Comptes rendus de ’Académie des
Sciences-

[4] Alain Dublanchet, and Shawna
Bourne The epic of phage therapy Can J
Infect Dis Med Microbiol. 2007 Jan; 18
(1): 15-18. doi: 10.1155/2007/365761

(5] Chanishvili N. Phage therapy—
History from twort and D Herelle
through soviet experience to current
approaches. Advances in Virus
Research. 2012; 83:4-40. DOI: 10.1016/
B978-0-12-394438-2.00001-3

[6] Alexander Sulakvelidze, Zemphira
Alavidze, and J. Glenn Morris, Jr.
Bacteriophage TherapyAntimicrob
Agents Chemother. 2001 Mar; 45(3):
649-659.doi: 10.1128/
AAC.45.3.649-659.2001

[7] Krestovnikova, V. A. (1947). Phage
treatment and phage prophylactics and
their approval in the works of the Soviet
researchers. J. Microb. Epidemiol.
Immunol. 3, 56-65.

[8] Rob Lavigne, Johan Robben
Professor Dr. Richard Bruynoghe
Bacteriophage, 2012, 2(1):1-4 ,DOI:
10.4161/bact.20024

[9] Derek M Lin, Britt Koskella, and
Henry C Lin Phage therapy: An

129

alternative to antibiotics in the age of
multi-drug resistance World J
Gastrointest Pharmacol Ther. 2017 Aug
6; 8(3): 162-173. doi: 10.4292/wjgpt. v8.
i3.162

[10] Srinivasan P, Ramasamy P.
Morphological characterization and
biocontrol effects of Vibrio vulnificus
phages against Vibriosis in the shrimp
aquaculture environment. Microbial
Pathogenesis. 2017; 111:472-480

[11] Gigante, A., Atterbury, R.J.
Veterinary use of bacteriophage therapy
in intensively-reared livestock. Virol ]
16, 155 (2019). https://doi.org/10.1186/
§12985-019-1260-3

[12] Helen J. Jones, Christopher G.
Shield, and Benjamin M.C. The
Application of Bacteriophage
Diagnostics for Bacterial Pathogens in
the Agricultural Supply Chain: From
Farm-to-Fork Swift. PHAGE.

Dec 2020.176

[13] Hasan A. Sohail, Aidan Coffey,
Krystyna Debrowska, Irmtraud M.
Meyer, Mathias Middelboe, Muhammad
Sohail, and Martha R.]. Clokie.
Bacteriophages: Emerging Applications
in Medicine, Food, and Biotechnology.
In: PHAGE.Jun 2020.Vol 1(Issue 2)
75-82.http://doi.org/10.1089/phage.
2020.29004.has

[14] Talebi Bezmin Abadi, A., Rizvanov,
A.A., Haertlé, T. et al. World Health
Organization Report: Current Crisis of
Antibiotic Resistance. BioNanoSci. 9,
778-788 (2019). https://doi.org/
10.1007/s12668-019-00658-4

[15] World Bank Group “Pulling
Together to Beat Superbugs Knowledge
and Implementation Gaps in Addressing
Antimicrobial Resistance” © 2019
International Bank for Reconstruction
and Development/The World Bank 1818
H Street NW, Washington, DC 20433



Bacteriophages in Therapeutics

1Centre Hospitalier Intercommunal de
Villeneuve-Saint-Georges, France

[16] Professor Dr. Richard Bruynoghe: a
1951 overview of his bacteriophage
research spanning three decades, vol 2,
p 1- 4. Taylor & Francis, London,
United Kingdom.

[17] Timothy F. Landers, RN, CNP, PhD,
a Bevin Cohen, MPH,b Thomas E.
Wittum, MS, PhD,c and Elaine L.
Larson, RN, PhD, FAAN, CICb A
Review of Antibiotic Use in Food
Animals: Perspective, Policy, and
Potential Public Health Rep. 2012 Jan-
Feb; 127(1): 4-22. doi: 10.1177/
003335491212700103

[18] C. Lee Ventola, MS, The Antibiotic
Resistance Crisis Part 1: Causes and
Threats, P T. 2015 Apr; 40(4): 277-283.
PMCID: PMC4378521 PMID: 25859123

[19] New report calls for urgent action to
avert antimicrobial resistance crisis.
(2019). https://www.who.int/news/
item/29-04-2019-new-report-calls-
for-urgent-action-to-avert-antimicrobial-
resistance-crisis

[20] O’Neill. 2016. Takling drug-
resistant infections globally: Final report
and recommendations. The review on
Antimicrobial Resistance. 2016. https://
amr-review.org/Publications.html

[21] Lillian Brown, Charles Langelier,
Michael J. A. Reid, Rachel L.
Rutishauser, Luke Strnad, Antimicrobial
Resistance: A Call to Action! Clinical
Infectious Diseases, Volume 64, Issue 1,
1 January 2017, Pages 106-107, https://d
0i.org/10.1093/cid/ciw678

[22] C Lee Ventola The antibiotic
resistance crisis: part 2: management
strategies and new agents P T 2015 May;
40(5):344-52.

[23] Mathias Schmelcher, David M

Donovan& Martin ] Loessner Bacte
riophage endolysins as novel antimicrob

130

ials FUTURE MICROBIOLOGYVOL. 7,
NO. 10 REVIEW Published Online:3
Oct 2012 https://doi.org/10.2217/fmb
12.97

[24] Bacteriophage Market Expected To
Exhibit Steady Growth During The
Forecast Period, Acute Market Reports
“Bacteriophage Market - Growth,
Future Prospects, Competitive
Analysis, 2018 - 2026,”. https://www.
acutemarketreports.com/report/
bacteriophage-market

[25] D H Bergey; John G Holt Bergey’s
manual of determinative bacteriology.
Baltimore: Williams & Wilkins, [1994]
©1994

[26] David R. Boone, Richard W.
Castenholz, editors, volume 1-5 ;
George M. Garrity, editor-in-chief ;
editorial board, James T. Staley ... [et al.]
Bergey's manual of systematic
bacteriology / Boone, David R.;
Castenholz, Richard W.; Garrity,
George M.; Bergey, D. H. (David
Hendricks), 1860-1937.2001.

[27] Mariateresa Ferone, Aoife Gowen,
Séamus Fanning, Amalia G. M. Scannell
Microbial detection and identification
methods: Bench top assays to omics
approaches Comprehensive Reviews in
Food Science and Food Safety, 07
September 2020 https://doi.org/10.1111/
1541-4337.12618

[28] Barsheim KY. Native marine
bacteriophages. FEMS Microbiology
Ecology. 1993; 102:141-159

[29] Heldal M, Bratbak G. Production
and decay of viruses in aquatic
environments. Marine Ecology Progress
Series. 1991; 72:205-212

[30] Spichler, A., Hurwitz, B. L.,
Armstrong, D. G., and Lipsky, B. A.
(2015). Microbiology of diabetic foot
infections: from Louis Pasteur to ‘crime
scene investigation’. BMC Med. 13:2.
doi: 10.1186/s12916-014-0232-0



Therapeutic Efficacy of Bacteriophages
DOI: http://dx.doi.org/10.5772 /intechopen.97619

[31] Wolcott, R. D., Hanson, J. D., Rees,
E.]., Koenig, L. D., Phillips, C. D.,
Wolcott, R. A, et al. (2016). Analysis of
the chronic wound microbiota of 2,963
patients by 16S rDNA pyrosequencing.
Wound Repair Regen. 24, 163-174. doi:
10.1111/wrr.12370

[32] Malik, A., Mohammad, Z., and
Ahmad, J. (2013). The diabetic foot
infections: biofilms and antimicrobial
resistance. Diabetes Metab. Syndr. 7,
101-107. doi: 10.1016/j.dsx.2013.02.006

[33] Rahim, K., Qasim, M., Rahman, H.,
Khan, T. A., Ahmad, I., Khan, N., et al.
(2016). Antimicrobial resistance among
aerobic biofilm producing bacteria
isolated from chronic wounds in the
tertiary care hospitals of Peshawar,
Pakistan. J. Wound Care 25, 480-486.
doi: 10.12968/jowc.2016.25.8.480

[34] Stephanie LaVergne, Theron
Hamilton, Biswajit Biswas,Phage
Therapy for a Multidrug-Resistant
Acinetobacter baumannii Craniectomy
Site Infection | Open Forum Infectious
Diseases | Oxford Academic. Volume 5,
Issue 4, April 2018, ofy064

[35] Di Domenico, E. G., Farulla, I.,
Prignano, G., Gallo, M. T., Vespaziani,
M., Cavallo, I., et al. (2017). Biofilm is a
major virulence determinant in bacterial
colonization of chronic skin ulcers
independently from the multidrug
resistant phenotype. Int. J. Mol. Sci. 18:
E1077. doi: 10.3390/ijms18051077

[36] Markoishvili, K., Tsitlanadze, G.,
Katsarava, R., Morris, J. G., and
Sulakvelidze, A. (2002). A novel
sustained-release matrix based on
biodegradable poly (ester amide) s and
impregnated with bacteriophages and
an antibiotic show promise in
management of infected venous stasis
ulcers and other poorly healing wounds.
Int. J. Dermatol. 41, 453-458. doi:
10.1046/j.1365-4362.2002.01451.x

[37] Fish, R., Kutter, E., Wheat, G.,
Blasdel, B., Kutateladze, M., and Kuhl,

131

S. (2016). Bacteriophage treatment of
intransigent diabetic toe ulcers: a case
series. J. Wound Care 25, S27-S33. doi:
10.12968/jowc.2016.25.7. S27

[38] Morozova, V. V., Kozlova, Y. u.,
Ganichev, D., and Tikunova, N. (2018).
Bacteriophage treatment of infected
diabetic foot ulcers. Methods Mol. Biol.
1693, 151-158. doi: 10.1007/978-1-
4939-7395-8_13

[39] Thiel K. Old dogma, new tricks—
21st century phage therapy. Nature
Biotechnology. 2004;1:31-36

[40] Chan, B. K. et al. Phage selection
restores antibiotic sensitivity in MDR

Pseudomonas aeruginosa. Sci. Rep. 6,
26717; doi: 10.1038/srep26717 (2016).

[41] Tiffany Luong, Ann-Charlott
Salabarria, Robert A. Edwards
Standardized bacteriophage purification
for personalized phage therapy | Nature
Protocols. volume 15, pages2867-2890
(2020)

[42] Sarker SA, Sultana S, Reuteler G,
Moine D, Descombes P, Charton F,
Bourdin G, McCallin S, Ngom-Bru C,
Neville T, et al. Oral phage therapy of
acute bacterial diarrhea with two
coliphage preparations: a randomized
trial in children from Bangladesh.
EBioMedicine. 2016; 4:124-37.

[43] Jeon, ]., Park, J.-H., & Yong, D.
(2019). Efficacy of bacteriophage
treatment against carbapenem-resistant
Acinetobacter baumannii in Galleria
mellonella larvae and a mouse model of
acute pneumonia. BMC Microbiology,
19(1), 70

[44] Cao, F., Wang, X., Wang, L., Li, Z.,
Che, J., Wang, L., Li, X., Cao, Z., Zhang,
J., Jin, L., & Xu, Y. (2015, March 24).
Evaluation of the Efficacy of a
Bacteriophage in the Treatment of
Pneumonia Induced by Multidrug
Resistance Klebsiella pneumoniae in Mice
[Research Article]. BioMed Research



Bacteriophages in Therapeutics

International; Hindawi. Volume 2015,
Article ID 752930, 9 pages

[45] James M. Regeimbal, Anna C.
Jacobs, Brendan W. Corey.Personalized
Therapeutic Cocktail of Wild
Environmental Phages Rescues Mice
from Acinetobacter baumannii Wound
Infections | Antimicrobial Agents and
Chemotherapy. 2016. 02877-15

[46] Shi, Y., Zhao, W, Liu, G., Ali, T.,
Chen, P, Liu, Y., Kastelic, J. P., Han, B.,
& Gao, J. (2021). Bacteriophages
isolated from dairy farm mitigated
Klebsiella pneumoniae-induced
inflammation in bovine mammary
epithelial cells cultured in vitro. BMC
Veterinary Research, 17(1), 37.

[47]1 Gill, ]. J., & Hyman, P. (2010).
Phage choice, isolation, and preparation
for phage therapy. Current
Pharmaceutical Biotechnology, 11(1), 2-
14. https://doi.org/10.2174/
138920110790725311

(48] Smrekar F., Ciringer M.,

Peterka M., Podgornik A., Strancar A.
(2008). Purification and concentration
of bacteriophage T4 using monolithic
chromatographic supports. J.
Chromatogr. B Analyt. Technol.
Biomed. Life Sci. 861 177-180. 10.1016/].
jchromb.2007.05.048 [PubMed]
[CrossRef] [Google Scholar]

[49] Smrekar F., Ciringer M.,

Strancar A., Podgornik A. (2011).
Characterisation of methacrylate
monoliths for bacteriophage
purification. J. Chromatogr. 1218 2438—
2444.10.1016/j.chroma.2010.12.083
[PubMed] [CrossRef] [Google Scholar]

[50] Van Belleghem, J. D., Clement, F.,
Merabishvili, M., Lavigne, R., &
Vaneechoutte, M. (2017). Pro- and anti-
inflammatory responses of peripheral
blood mononuclear cells induced by
Staphylococcus aureus and Pseudomonas
aeruginosa phages. Scientific Reports, 7
(1), 8004.

132

[51] Merabishvili M, Pirnay JP,
Verbeken G, Chanishvili N,

Tediashvili M, Lashkhi N, Glonti T,
Krylov V, Mast J, Van Parys L, et al.
Quality-controlled small-scale
production of a well-defined
bacteriophage cocktail for use in human
clinical trials. PLoS ONE. 2009;4(3):
e4944.

[52] Amanda Carroll-Portillo, Cristina N.
Coffman, Matthew G. Varga, Joe
Alcock, Sudha B. Singh, and Henry C.
Lin1,4,* Standard Bacteriophage
Purification Procedures Cause Loss in
Numbers and Activity Viruses. 2021
Feb; 13(2): 328. 2021 Feb 20. doi:
10.3390/v13020328

[53] Bourdin G, Schmitt B, Marvin

Guy L, Germond JE, Zuber S, Michot L,
Reuteler G, Brussow H. Amplification
and purification of T4-like Escherichia
coli phages for phage therapy: from
laboratory to pilot scale. Appl Environ
Microbiol. 2013;80(4):1469-76.

[54] Boratynski J, Syper D, Weber-
Dabrowska B, Lusiak-Szelachowska M,
Pozniak G, Gorski A. Preparation of
endotoxin-free bacteriophages. Cell Mol
Biol Lett. 2004;9(2):253-9.

[55] Hashemi H, Pouyanfard S,
Bandehpour M, Mahmoudi M,
Bernasconi M, Kazemi B, Mokhtari-
Azad T. Efficient endotoxin removal
from T7 phage preparations by a mild
detergent treatment followed by
ultrafiltration. Acta Virol. 2013;57(3):
373-4.

[56] Cui Z, Feng T, Gu F, Li Q, Dong K,
Zhang Y, Zhu Y, Han L, Qin J, Guo X.
Characterization and complete genome
of the virulent Myoviridae phage JD007
active against a variety of Staphylococcus
aureus isolates from different hospitals
in Shanghai, China. Virol J. 2017;14(1):
26.

[57] Bonilla N, Rojas MI, Netto Flores
Cruz G, Hung SH, Rohwer F, Barr JJ.



Therapeutic Efficacy of Bacteriophages
DOI: http://dx.doi.org/10.5772 /intechopen.97619

Phage on tap-a quick and efficient
protocol for the preparation of
bacteriophage laboratory stocks. Peer].
2016;4:e2261.

[58] Srinivasan P, Vaseeharan B,
Ramasamy P. Vibrio bacteriophages
control the growth of bacterial
populations in the aquatic environment.
In: The Sixth Indian Fisheries Forum
organized by Central Institute of
Fisheries Education, Versova, Mumbai
—400 061, India; during 17-20
December 2002; 16

[59] Srinivasan P, Ramasamy P. Effect of
pH, temperature, enzymes, organic
solvents and detergents in the survival
and infectivity of Vibrio bacteriophages.
In: Conference on Microbiology of the
Tropical Seas (COMITS) National
Institute of Oceanography; Goa, India
during 13-15 December 2004

[60] Srinivasan P, Ramasamy P,
Brennan GP, et al. Inhibitory effects of
bacteriophages on the growth of Vibrio
sp. pathogens of shrimp in the Indian
aquaculture environment. Asian Journal
of Animal and Veterinary. 2007;2(4):
166-183

[61] Stalin N, Srinivasan P.
Characterization of Vibrio
parahaemolyticus and its specific phage
from shrimp pond in Palk Strait, South
East coast of India. Biologicals. 2016;44
(6):1-8. DOI: 10.1016/j.
biologicals.2016.08.003

[62] Jiang SC, Kellogg CA, Paul JH.
Characterization of marine temperate
phage-host systems isolated from
Mamala Bay, Oahu, Hawaii. Applied
and Environmental Microbiology. 1998;
64:535-542

[63] Kalatzis PG, Bastias R, Kokkari C,
Katharios P. Isolation and
characterization of two lytic
bacteriophages, @St2 and ¢Grnl; phage
therapy application for biological
control of Vibrio alginolyticus in

133

aquaculture live feeds. PLoS One. 2016;
11(3):e0151101. DOI: 10.1371/journal.
pone.0151101. eCollection 2016

[64] Adamek Z. Effect of ascogen
probiotics supplementation on the
growth rate of rainbow trout
Oncorhynchus mykiss under conditions of
intensive culture. Zivocisna Vyroba.
1994;39(3):247-253

[65] Krishnika A, Ramasamy P.
Antimicrobial resistance profile of
Vibrio species isolated from the
hatchery system of Macrobrachium
rosenbergii (Deman). Indian Journal of
Fisheries. 2014;60(4):147-152

[66] Park SC, Shimamura I,

Fukunaga M, et al. Isolation of
bacteriophages specific to a fish
pathogen, Pseudomonas plecoglossicida, as
a candidate for disease control. Applied
and Environmental Microbiology. 2000;
66(4):1416-1422

[67] Srinivasan P, Ramasamy P.
Occurrence, distribution and antibiotic
resistance patterns of Vibrio species
associated with viral diseased shrimp of
south Indian aquaculture environment.
International Journal of Agriculture
Sciences. 2009;1(2):1-10

[68] Karunasagar I, Pai R, Malathi GR,
et al. Mass mortality of Penaeus monodon
larvae due to antibiotic-resistant Vibrio
harveyi infection. Aquaculture. 1994;
128(3-4):203-209

[69] Jayakumar R, Ramasamy P.
Prevalence, biotyping and resistotyping
of Pseudomonas spp. and Vibrio sp
isolated from Penaeus indicus of Ennore
Estuary, Madras, India. In: Chou LM,
Munro AD, Lam TJ, Chen TW,

Cheong LKK, Ding JK, et al. editors.
Proceedings of Third Asian Fisheries
Forum, Singapore. 1994. pp. 335-338

[70] Vaseeharan B, Ramasamy P,
Murugan T, Chen JC. In vitro
susceptibility of antibiotics against



Bacteriophages in Therapeutics

Vibrio spp. and Aeromonas spp. isolated
from Penaeus monodon hatcheries and
ponds. International Journal of
Antimicrobial Agents. 2005; 26:285-291

[71] Ramasamy P, Sujatha Rani J,
Gunasekaran DR. Assessment of
antibiotic sensitivity and pathogenicity
of Vibrio spp. and Aeromonas spp. from
aquaculture environment. MOJ Ecology
& Environmental Sciences. 2018;3(3):
128-136

[72] Vaseeharana B, Lin J, Ramasamy P.
Effect of probiotics, antibiotic
sensitivity, pathogenicity, and plasmid
profiles of Listonella anguillarum-like
bacteria isolated from Penaeus monodon
culture systems. Aquaculture. 2004;241:
77-91

[73] Miedzybrodzki R, Fortuna W,
Weber-Dabrowska B, Gérski A. Phage
therapy of staphylococcal infections
(including MRSA) may be less
expensive than antibiotic treatment.
Postepy Hig Med Dosw. 2007;61:
461-465

[74] El Haddad L, Harb CP, Gebara MA,
Stibich MA, Chemaly RF. A systematic
and critical review of bacteriophage
therapy against multi-drug resistant
ESKAPE organisms in humans. Clin
Infect Dis. 2018;69(1):167-78.

[75] Malik DJ, Sokolov IJ, Vinner GK,
Mancuso F, Cinquerrui S,
Vladisavljevic GT, Clokie MR],
Garton NJ, Stapley AGF,
Kirpichnikova A. Formulation,
stabilisation and encapsulation of
bacteriophage for phage therapy. Adv
Coll Interface Sci. 2017; 249:100-33.

[76] Vandenheuvel D, Singh A,
Vandersteegen K, Klumpp J, Lavigne R,
Van den Mooter G. Feasibility of spray
drying bacteriophages into respirable
powders to combat pulmonary bacterial
infections. Eur ] Pharm Biopharm. 2013;
84(3):578-82.

134

[77] Golshahi L, Lynch KH, Dennis JJ,
Finlay WH. In vitro lung delivery of
bacteriophages KS4-M and PhiKZ using
dry powder inhalers for treatment of
Burkholderia cepacia complex and
Pseudomonas aeruginosa infections in
cystic fibrosis. ] Appl Microbiol. 2011;
110(1):106-17.

[78] Hoe S, Semler DD, Goudie AD,
Lynch KH, Matinkhoo S, Finlay WH,
Dennis JJ, Vehring R. Respirable
bacteriophages for the treatment of

bacterial lung infections. ] Aerosol Med
Pulm Drug Del. 2013;26(6):317-35.

[79] Josef Prazak; Luca Valente; Manuela
Iten; Lea Federer, Denis Grandgirard;
Sara Soto; Gregory Resch; Stephen L.
Leib; Stephan M. Jakob; Matthias
Haenggi; David R. Cameron; Yok-Ai
Que. Benefits of aerosolized phages for
the treatment of pneumonia due to
methicillin-resistant Staphylococcus
aureus (MRSA): an experimental study
in rats. 2021 The Journal of Infectious
Diseases, jiab112, https://doi.org/
10.1093/infdis/jiab112

[80] Schooley RT, B, Gill JJ, Hernandez-
Morales A, Lancaster J, Lessor L, Barr JJ,
Reed SL, Rohwer F, Benler S, et al.
Development and use of personalized
bacteriophage-based therapeutic
cocktails to treat a patient with a
disseminated resistant Acinetobacter
baumannii infection. Antimicrob Agents
Chemother. 2017;61(10):e00954.

[81] Cano, E. J., Caflisch, K. M., Bollyky,
P. L., Van Belleghem, J. D., Patel, R.,
Fackler, J., Brownstein, M. J., Horne, B.,
Biswas, B., Henry, M., Malagon, F.,
Lewallen, D. G., & Suh, G. A. (2020).
Phage Therapy for Limb-threatening
Prosthetic Knee Klebsiella pneumoniae
Infection: Case Report and In Vitro
Characterization of Anti-biofilm
Activity. Clinical Infectious Diseases,
ciaa705.

[82] Colom J, Cano-Sarabia M, Otero J,
Arinez-Soriano J, Cortes P, Maspoch D,



Therapeutic Efficacy of Bacteriophages
DOI: http://dx.doi.org/10.5772 /intechopen.97619

Llagostera M. Microencapsulation with
alginate/CaCO3: a strategy for improved
phage therapy. Sci Rep. 2017; 7:41441.

[83] Jault P, Leclerc T, Jennes S,

Pirnay JP, Que YA, Resch G,

Rousseau AF, Ravat F, Carsin H, Le
Floch R, et al. Efficacy and tolerability
of a cocktail of bacteriophages to treat
burn wounds infected by Pseudomonas
aeruginosa (PhagoBurn): a randomised,
controlled, double-blind phase 1/2 trial.
Lancet Infect Dis. 2018;19(1):35-45.

[84] Boucher HW, Talbot GH,

Bradley JS, Edwards JE, Gilbert D,

Rice LB, Scheld M, Spellberg B,
Bartlett J. Bad bugs, no drugs: no
ESKAPE! an update from the infectious
disease’s society of America. Clin Infect
Dis. 2009;48(1):1-12.

[85] Habusha M, Tzipilevich E,

Fiyaksel O, Ben-Yehuda S. A mutant
bacteriophage evolved to infect resistant
bacteria gained a broader host range.
Mol Microbiol. 2019;111(6):1463-75.

[86] Gu]J, Liu X, LiY, Han W, Lei L,
Yang Y, Zhao H, Gao Y, Song J, LuR,
et al. A method for generation phage
cocktail with great therapeutic potential.
PLoS ONE. 2012;7(3):e31698

[87] Mathias Schmelcher, David M
Donovan& Martin ] Loessner Bacte
riophage endolysins as novel antimicrob
ials FUTURE MICROBIOLOGYVOL. 7,
NO. 10 REVIEW Published Online:3 Oct
2012https://doi.org/10.2217/fmb.12.97

[88] Cha, K., Oh, H.K,, Jang,J. Y., Jo, Y.,
Kim, W. K., Ha, G. U, Ko, K. S., &
Myung, H. (2018). Characterization of
Two Novel Bacteriophages Infecting
Multidrug-Resistant (MDR)
Acinetobacter bauwmannii and Evaluation
of Their Therapeutic Efficacy in Vivo.
Frontiers in Microbiology, 9-9:696.

[89] Frank Oechslin, Philippe Piccardi,

Stefano Mancini.Synergistic Interaction
Between Phage Therapy and Antibiotics

135

Clears Pseudomonas aeruginosa Infection
in Endocarditis and Reduces Virulence |
The Journal of Infectious Diseases |
Oxford Academic. Volume 215, Issue 5,
1 March 2017, Pages 703-712

[90] Heo, Y.-]., Lee, Y.-R., Jung, H.-H.,
Lee, J., Ko, G., & Cho, Y.-H. (2009).
Antibacterial Efficacy of Phages against
Pseudomonas aeruginosa Infections in
Mice and Drosophila melanogaster.
Antimicrobial Agents and
Chemotherapy, 53(6), 2469-2474.

[91] Rosanna Capparelli, Marianna
Parlato, Giorgia Borriello.Experimental
Phage Therapy against Staphylococcus
aureus in Mice | Antimicrobial Agents
and Chemotherapy.2007. 01513-06

[92] Sivera Marza, J. A., Soothill, J. S.,
and Boydell, P. (2006). Multiplication
of therapeutically administered
bacteriophages in Pseudomonas
aeruginosa infected patients. Burns 32,
644-646. doi: 10.1016/j.
burns.2006.02.012

[93] Cerveny, K. E., DePaola, A.,
Duckworth, D. H., & Gulig, P. A.
(2002). Phage Therapy of Local and
Systemic Disease Caused by Vibrio
vulnificus in Iron-Dextran-Treated
Mice. Infection and Immunity, 70(11),
6251-6262.

[94] Biswajit Biswas, Sankar Adhya, Paul
Washart.Bacteriophage Therapy
Rescues Mice Bacteremic from a Clinical
Isolate of Vancomycin-Resistant
Enterococcus faecium | Infection and
Immunity. .70.1.204-210.2002 (n.d.).

[95] Scott LaFee, Heather Buschman.

Novel Phage Therapy Saves Patient with
Multidrug-Resistant Bacterial Infection.
(n.d.). UC Health - UC San Diego. 2017

[96] Vlassov, V. V., Ganichev, D. A.,
Kozlova, J. N., Morozova, V. V.,
Saranina, I. V., and Tikunova, N. V.
(2016). “Personalised phage therapy of
infected trophic ulcers on the



Bacteriophages in Therapeutics

background of diabetis,” in Abstract
Retrieved from Book of Abstracts of 3-
rd International Scientific Conference
Bacteriophages: Theoretical and
Practical Aspects of Their Application in
Medicine, Veterinary and Food.
Available online at: http://www.congre
ss-phages.ru/_pictures/tezis_bf-2016_
block.pdf

[97] Chan, B. K., Turner, P. E., Kim, S.,
Mojibian, H. R., Elefteriades, J. A., &
Narayan, D. (2018). Phage treatment of
an aortic graft infected with
Pseudomonas aeruginosa. Evolution,
Medicine, and Public Health, 2018(1),
60-66.

[98] C Duplessis, B Biswas, B Hanisch.
Refractory Pseudomonas Bacteremia in a
2-Year-Old Sterilized by Bacteriophage
Therapy | Journal of the Pediatric
Infectious Diseases Society | Oxford
Academic. Volume 7, Issue 3,
September 2018, Pages 253-256

[99] Ho K, Huo W, Pas S, Dao R,

Palmer KL. Loss of function mutations
in epaR confer resistance to phage NPV1
infection in Enterococcus faecalis OG1RF.
Antimicrob Agents Chemother. 2018;62
(10):e00758

[100] Zhang QG, Buckling A. Phages
limit the evolution of bacterial antibiotic
resistance in experimental microcosms.
Evol Appl. 2012;5(6):575-82

[101] Kochetkova, V. A., Mamontov, A.
S., Moskovtseva, R. L., Erastova, E. I.,
Trofimov, E. I., Popov, M. I, et al.
(1989). Phagotherapy of postoperative
suppurative-inflammatory
complications in patients with
neoplasms. Sov. Med. 6, 23-26.

[102] Zhukov-Verezhnikov, N. N.,
Peremitina, L. D., Berillo, E. A.,
Komissarov, V. P., and Bardymov, V. M.
(1978). Therapeutic effect of
bacteriophage preparations in the
complex treatments of suppurative
surgical diseases. Sov. Med. 12, 64-66.

136

[103] Lazareva, E. B., Smirnov, S. V.,
Khvatov, V. B., Spiridonova, T. G.,
Bitkova, E. E., Darbeeva, O. S, et al.
(2001). Efficacy of bacteriophages in
complex treatment of patients with
burn wounds. Antibiot. Khimioter. 46,
10-14.

[104] Erol, S., Altoparlak, U., Akcay, M.
N., Celebi, F., and Parlak, M. (2004).
Changes of microbial flora and wound
colonization in burned patients.

Burns 4, 357-361. doi: 10.1016/j.
burns.2003.12.013

[105] Church, D., Elsayed, S., Reid, O.,
Winston, B., and Lindsay, R. (2006).
Burn wound infections. Clin. Microbiol.
Rev. 19, 403-434. doi: 10.1128/
CMR.19.2.403-434.2006

[106] Rose, T., Verbeken, G., Vos, D. D.,
Merabishvili, M., Vaneechoutte, M.,
Lavigne, R,, et al. (2014). Experimental
phage therapy of burn wound infection:
difficult first steps. Int. J. Burns
Trauma 4, 66-73.

[107] Asati, S., and Chaudhary, U.
(2017). Prevalence of biofilm producing
aerobic bacterial isolates in burn wound
infections at a tertiary care hospital in
northern India. Ann. Burns Fire
Disasters 30, 39-42.

[108] McVay, C. S., Velasquez, M., &
Fralick, J. A. (2007). Phage Therapy of
Pseudomonas aeruginosa Infection in a
Mouse Burn Wound Model.
Antimicrobial Agents and
Chemotherapy, 51(6), 1934-1938

[109] Soothill, J. S. (1994). Bacteriophage
prevents destruction of skin grafts by
Pseudomonas aeruginosa. Burns 20,
209-211. doi: 10.1016/0305-4179(94)
90184-8

[110] Rhoads, D. D., Wolcott, R. D., Sun,
Y., and Dowd, S. E. (2012). Comparison
of culture and molecular identification
of bacteria in chronic wounds. Int. J.



Therapeutic Efficacy of Bacteriophages
DOI: http://dx.doi.org/10.5772 /intechopen.97619

Mol. Sci. 13, 2535-2550. doi: 10.3390/
ijms13032535

[111] Kvachadze, L., Balarjishvili, N.,
Meskhi, T., Tevdoradze, E., Skhirtladze,
N., and Pataridze, T. (2011). Evaluation
of lytic activity of staphylococcal
bacteriophage Sb-1 against freshly
isolated clinical pathogens. Microb.
Biotechnol. 4, 643-650. doi: 10.1111/
j-1751-7915.2011. 00259.x

[112] Lorenz Leitner, MD., Aleksandre
Ujmajuridze, MD. Intravesical
bacteriophages for treating urinary tract
infections in patients undergoing
transurethral resection of the prostate: A
randomised, placebo-controlled,
double-blind clinical trial—The Lancet
Infectious Diseases. 2020; 20: 1263-72

[113] Ujmajuridze, A., Chanishvili, N.,
Goderdzishvili, M., Leitner, L.,
Mehnert, U., Chkhotua, A., Kessler, T.
M., & Sybesma, W. (2018). Adapted
Bacteriophages for Treating Urinary
Tract Infections. Frontiers in
Microbiology, 9.

[114] Khawaldeh, A., Morales, S., Dillon,
B., Alavidze, Z., Ginn, A. N., Thomas,
L., Chapman, S. J., Dublanchet, A.,
Smithyman, A., & Iredell, J. R. (2011).
Bacteriophage therapy for refractory
Pseudomonas aeruginosa urinary tract
infection. Journal of Medical
Microbiology, 60(11), 1697-1700.

[115] Heselpoth, R. D., Euler, C. W.,
Schuch, R., & Fischetti, V. A. (2019).
Lysocins: Bioengineered Antimicrobials
That Deliver Lysins across the Outer
Membrane of Gram-Negative Bacteria.
Antimicrobial Agents and
Chemotherapy, 63(6). https://doi.org/
10.1128/AAC.00342-19

[116] Dedrick RM, Guerrero-Bustamante
CA, Garlena RA, Russell DA, Ford K,
Harris K, Gilmour KC, Soothill ], Jacobs-
Sera D, Schooley RT, et al. Engineered
bacteriophages for treatment of a
patient with a disseminated drug-

137

resistant Mycobacterium abscessus. Nat
Med. 2019;25(5):730-3.

[117] Witzenrath, M., Schmeck, B.,
Doehn, J. M., Tschernig, T., Zahlten, J.,
Loeffler, J. M., Zemlin, M., Miiller, H.,
Gutbier, B., Schiitte, H., Hippenstiel, S.,
Fischetti, V. A., Suttorp, N., & Rosseau,
S. (2009). Systemic use of the endolysin
Cpl-1 rescues mice with fatal
Pneumococcal pneumonia. Critical Care
Medicine, 37(2), 642-649.

[118] WHO | WHO consolidated
guidelines on drug-resistant
tuberculosis treatment. (2019). WHO;
World Health Organization? ISBN
978-92-4-155052-9. http://www.who.
int/tb/publications/2019/consolidated-g
uidelines-drug-resistant-TB-treatment/
en/

[119] Smith, I. (2003). Mycobacterium
tuberculosis Pathogenesis and Molecular
Determinants of Virulence. Clinical
Microbiology Reviews, 16(3), 463-496.
https://doi.org/10.1128/
CMR.16.3.463-496.2003

[120] Walsh, D. S., Portaels, F., &
Meyers, W. M. (2010). Recent advances
in leprosy and Buruli ulcer
(Mycobacterium ulcerans infection).
Current Opinion in Infectious Diseases,
23(5), 445-455. https://doi.org/10.1097/
QCO0.0b013e32833¢2209

[121] Hatfull, G. F. (2018).
Mycobacteriophages. Microbiology
Spectrum, 6(5). https://doi.org/10.1128/
microbiolspec. GPP3-0026-2018

[122] Joseph Antony Sundarsingh.T,
Ranjitha.], Features of the biochemistry
of Mycobactevium smegmatis, as a
possible model for Mycobacterium
tuberculosis—ScienceDirect. (2020).
Volume 13, Issue 9, Pages 1255-1264
https://www.sciencedirect.com/science/
article/pii/S1876034120305530

[123] Carrigy, N. B., Larsen, S. E., Reese,
V., Pecor, T., Harrison, M., Kuehl, P. J.,



Bacteriophages in Therapeutics

Hatfull, G. F., Sauvageau, D., Baldwin,
S. L., Finlay, W. H., Coler, R. N,, &
Vehring, R. (2019). Prophylaxis of
Mycobacterium tuberculosis H37Rv
Infection in a Preclinical Mouse Model
via Inhalation of Nebulized
Bacteriophage D29. Antimicrobial
Agents and Chemotherapy, 63(12).
https://doi.org/10.1128/AAC.00871-19

[124] Liu, K., Yang, W., Dong, X., Cong,
L., Li, N., Li, Y., Wen, Z., Yin, Z., Lan,
Z.,Li, W., & Li, J. (2016). Inhalation
Study of Mycobacteriophage D29
Aerosol for Mice by Endotracheal Route
and Nose-Only Exposure. Journal of
Aerosol Medicine and Pulmonary Drug
Delivery, 29. https://doi.org/10.1089/
jamp.2015.1233

[125] Trigo, G., Martins, T. G., Fraga, A.
G., Longatto-Filho, A., Castro, A. G.,
Azeredo, J., & Pedrosa, J. (2013). Phage
therapy is effective against infection by
Mycobacterium ulcerans in a murine
footpad model. PLoS Neglected Tropical
Diseases, 7(4), €2183. https://doi.org/
10.1371/journal.pntd.0002183

[126] Danelishvili, L., Young, L., & Luiz,
E. (2006). In Vivo Efficacy of Phage
Therapy for Mycobacterium avium
Infection As Delivered by a Nonvirulent
Mycobacterium. Microbial Drug
Resistance (Larchmont, N.Y.), 12, 1-6.
https://doi.org/10.1089/mdr.2006.12.1

[127] Latka, A., & Drulis-Kawa, Z.
(2020). Advantages and limitations of
microtiter biofilm assays in the model of
antibiofilm activity of Klebsiella phage
KP34 and its depolymerase. Scientific
Reports, 10(1), 20338. https://doi.org/
10.1038/s41598-020-77198-5

[128] Liu, Y., Leung, S. S. Y., Huang, Y.,
Guo, Y, Jiang, N, Li, P., Chen, J.,
Wang, R, Bai, C., Mi, Z., & Gao, Z.
(2020). Identification of Two
Depolymerases From Phage IME205 and
Their Antivirulent Functions on K47
Capsule of Klebsiella pneumoniae.

138

Frontiers in Microbiology, 11. https://
doi.org/10.3389/fmicb.2020.00218

[129] Kim, S., Lee, D.-W., Jin, J.-S., &
Kim, J. (2020). Antimicrobial activity of
LysSS, a novel phage endolysin, against
Acinetobacter baumannii and
Pseudomonas aeruginosa. Journal of
Global Antimicrobial Resistance, 22, 32—
39. https://doi.org/10.1016/j.jga
r.2020.01.005

[130] Becker, S. C., Roach, D. R,
Chauhan, V. S., Shen, Y., Foster-Frey, J.,
Powell, A. M., Bauchan, G., Lease, R. A.,
Mohammadi, H., Harty, W. .,
Simmons, C., Schmelcher, M., Camp,
M., Dong, S., Baker, J. R., Sheen, T. R,,
Doran, K. S., Pritchard, D. G., Almeida,
R. A., ... Donovan, D. M. (2016).
Triple-acting Lytic Enzyme Treatment
of Drug-Resistant and Intracellular
Staphylococcus aureus. Scientific Reports,
6(1), 25063. https://doi.org/10.1038/sre
p25063

[131] Shen, Y., Barros, M., Vennemann,
T., Gallagher, D. T\, Yin, Y., Linden, S.
B., Heselpoth, R. D., Spencer, D.].,
Donovan, D. M., Moult, ]., Fischetti, V.
A., Heinrich, F., Losche, M., & Nelson,
D. C. (2016). A bacteriophage endolysin
that eliminates intracellular
streptococci. ELife, 5, e13152. https://
doi.org/10.7554/eLife.13152

[132] Yang, H., Zhang, H., Wang, J., Yu,
J., & Wei, H. (2017). A novel chimeric
lysin with robust antibacterial activity
against planktonic and biofilm
methicillin-resistant Staphylococcus
aureus. Scientific Reports, 7(1), 40182.

[133] Pastagia, M., Euler, C., Chahales,
P., Fuentes-Duculan, J., Krueger, J. G,
& Fischetti, V. A. (2011). A Novel
Chimeric Lysin Shows Superiority to
Mupirocin for Skin Decolonization of
Methicillin-Resistant and -Sensitive
Staphylococcus aureus Strains.
Antimicrobial Agents and
Chemotherapy, 55(2), 738-744.



Therapeutic Efficacy of Bacteriophages
DOI: http://dx.doi.org/10.5772 /intechopen.97619

[134] Daniel, A., Euler, C., Collin, M.,
Chabhales, P., Gorelick, K. J., & Fischetti,
V. A. (2010). Synergism between a
Novel Chimeric Lysin and Oxacillin
Protects against Infection by
Methicillin-Resistant Staphylococcus
aureus. Antimicrobial Agents and
Chemotherapy, 54(4), 1603-1612.

[135] Garcia, P., Martinez, B., Rodriguez,
L., & Rodriguez, A. (2010). Synergy
between the phage endolysin LysH5 and
nisin to kill Staphylococcus aureus in
pasteurized milk. International Journal
of Food Microbiology, 141(3), 151-155.

[136] Celia, L. K., Nelson, D., & Kerr, D.
E. (2008). Characterization of a
bacteriophage lysin (Ply700) from
Streptococcus uberis. Veterinary
Microbiology, 130(1), 107-117.

[137] Cheng, Q., Nelson, D., Zhu, S., &
Fischetti, V. A. (2005). Removal of
group B streptococci colonizing the
vagina and oropharynx of mice with a
bacteriophage lytic enzyme.
Antimicrobial Agents and
Chemotherapy, 49(1), 111-117.

[138] Yoong, P., Schuch, R., Nelson, D.,
& Fischetti, V. A. (2004). Identification
of a broadly active phage lytic enzyme
with lethal activity against antibiotic-
resistant Enterococcus faecalis and
Enterococcus faecium. Journal of
Bacteriology, 186(14), 4808-4812.

[139] Nelson, D., Loomis, L., & Fischetti,
V. A. (2001). Prevention and
elimination of upper respiratory
colonization of mice by group A
streptococci by using a bacteriophage
lytic enzyme. Proceedings of the
National Academy of Sciences of the
United States of America, 98(7), 4107-
4112.

[140] Jingmin Gu, Hengyu Xi, Mengjun
Cheng & Wenyu Han Phage-derived
lysins as therapeutic agents against
multidrug-resistant Enterococcus faecalis

139

1FUTURE MICROBIOLOGYVOL. 13,
NO. 3EDITORIAL, 2018https://doi.org/
10.2217/fmb-2017-0235

[141] Schmelcher M, Powell AM,

Becker SC, Camp M]J, Donovan DM.
Chimeric phage lysins act synergistically
with lysostaphin to kill mastitis-causing
Staphylococcus aureus in murine
mammary glands. Appl. Environ.
Microbiol. 2012;78(7):2297-2305. [PMC
free article] [PubMed] [Google Scholar]

[142] Haddad Kashani H, Fahimi H,
Goli YD, Moniri R. 2017. A novel
chimeric endolysin with antibacterial
activity against methicillin-resistant
Staphylococcus aureus. Front Cell Infect
Microbiol 7:290. doi:10.3389/
fcimb.2017.00290. 105.

[143] O’Flaherty S, Ross RP, Coffey A.
Bacteriophage and their lysins for
elimination of infectious bacteria. FEMS
Microbiology Reviews. 2009;33(4):
801-819

[144] Domenech M, Garcia E,

Moscoso M. Ir vitro destruction of
Streptococcus pneumoniae biofilms with
bacterial and phage peptidoglycan
hydrolases. Antimicrob. Agents
Chemother. 2011;55(9):4144-4148.
[PMC free article] [PubMed] [Google
Scholar]

[145] Bruttin A, Brussow H. Human
volunteers receiving Escherichia coli
phage T4 orally: a safety test of phage
therapy. Antimicrob Agents Chemother.
2005;49(7):2874-8

[146] Wright, A., Hawkins, C. H.,
Anggird, E. E., & Harper, D. R. (2009).
A controlled clinical trial of a
therapeutic bacteriophage preparation
in chronic otitis due to antibiotic-
resistant Pseudomonas aeruginosa; a
preliminary report of efficacy. Clinical
Otolaryngology, 34(4), 349-357. https://
doi.org/10.1111/j.1749-4486.2009.
01973.x






Chapter 9

Potential of Inhaled Bacteriophage
Therapy for Bacterial Lung
Infection

Wei Yan, Subhankar Mukhopadhyay,
Kenneth Kin Wah To and Sharon Shui Yee Leung

Abstract

Phage therapy as a promising alternative antimicrobial to treat multidrug
resistant (MDR) bacteria related lung infections, has drawn significant attention in
clinical trials and bench-scale study in the recent decade, and the therapeutic effect
of local delivery of phage has been demonstrated by several clinical reports. This
book chapter discusses the current clinical development of inhaled phage therapy
followed by the advancement of phage formulation designs for respiratory delivery
of phage using various inhalation devices and their iz vivo efficacy. The develop-
ment of combination therapy of phage and antibiotics to combat MDR bacteria
associated lung infections is also covered to reflect the current clinical practice.
Lastly, we also share our insights on the challenges of advancing inhaled phage
therapy and potential directions for future research.

Keywords: pulmonary delivery, multidrug-resistant bacteria, respiratory infection,
dry powder inhaler, nebulization, phage formulation, inhaled phage therapy

1. Introduction

Lung infection is a leading cause of morbidity and mortality worldwide [1].
Currently, antibiotics remain the mainstay treatment options for bacterial lung
infections [2]. With the rapid emergence of multidrug-resistant (MDR) bacteria,
last-line antibiotics such as colistin and carbapenem have been increasingly used
for life-threatening infections. However, nosocomial outbreaks caused by pan-drug
resistant (PDR) ‘superbugs’ have also been increasingly reported worldwide, creat-
ing significant therapeutic challenges for the treatment of lung infections [3-5].

Bacteriophage (phage) therapy has been proposed as a promising alternative to
antibiotics in combating bacterial infections, including those caused by the MDR
pathogens. A comprehensive review from Abedon summarized earlier clinical
studies of phage application, with most reported cases from Eastern Europe as these
countries more practical experience [6]. Overall, phage therapy for respiratory
infections have not been extensively studied and only a handful of human studies
reported [6-8].

Although recent failure of the “Phagoburn” trial against burn wound infec-
tions is discouraging, a lesson we learnt is the importance of the stability of phage
preparations and the efficient delivery of sufficient amount of viable phage to the
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site of infections [9]. Pulmonary delivery of phage would hold the greatest promise
in achieving optimal concentration of phage in the lung for effective treatment. In
this book chapter, we first introduce the clinical progress of inhaled phage therapy
and highlight recent advancement made in the delivery of phage preparations using
various inhalation devices. As most experimental phage therapeutic investiga-

tions were conducted with concomitant antibiotic treatment, we also discuss the
development of phage-antibiotic combinations to treat lung infections. Lastly, we
summarize the challenges that must be overcome in order to translate inhaled phage
therapy to clinical applications.

2. Clinical development of inhaled phage therapy

In the past decade, a few success stories in experimental inhaled phage therapy
were reported. Hoyle et al. reported a successful inhaled phage therapy to man-
age chronic lung infection caused by MDR Achromobacter xylosoxidans [10]. The
17-year-old female patient was unsuccessfully treated with many rounds of antibi-
otics before she was given a phage cocktail treatment containing two Achromobacter
phages in the Eliava Phage Therapy Center. The phage cocktail was given by nebu-
lization once daily and orally twice daily for 20 days. The treatment was repeated
4 times at 1, 3, 6 and 12 months after the initial treatment. The patient’s subjective
conditions were significantly improved and her lung function-FEV1 increased from
1.83 L to 3.33 L together with intermittent antibiotic regimen. Successful phage
treatment was also reported for a 12-year-old lung-transplanted cystic fibrosis
(CF) patient suffered from persistent lung infection caused by PDR A. xylosoxidans
[11]. After two rounds of inhaled phage therapy, the patient’s respiratory condition
slowly improved and the bacterial load was significantly reduced. Similar favorable
therapeutic efficacy was also reported in another clinical case [12], where a five-
year-old cystic fibrosis patient suffering from severe lung infections was treated
with a commerecially available phage preparation (pyophage) by nebulization.

Aslam et al. reported the early clinical experience of phage therapy in lung
transplant recipients in the USA [13]. Three patients with life-threatening MDR
infections caused by Pseudomonas aeruginosa (n = 2) and Burkholderia dolosa (n = 1)
received phage cocktails via both intravenous injection and nebulization with
concurrent antibiotic treatments for variable duration. Two patients responded
clinically with the phage treatments and were discharged from hospitals, while the
third patient infected by B. dolosa was dead due to infection relapsed. Nonetheless,
no phage therapy-related adverse events were identified. While these experimental
use of inhaled phage therapy as an adjunct treatment has demonstrated the clinical
benefits in treating lung infections caused by MDR superbugs, well-designed clini-
cal trials are needed to convincingly evaluate its clinical efficacy.

To date, there have been three phage therapy clinical studies registered with
the ClinicalTrials.gov to evaluate the safety and efficacy of phage therapy against
lung infections (Table 1). “MUCOPHAGES” (NCT01818206) assessed the effect
of a cocktail of 10 phages on P. aeruginosa from sputum samples isolated from CF
patients. Although the trial was completed in 2012 according to the clinical trial
registry, no information about the outcome of this trial was published. In 2020,
two other trials were launched. One trial (NCT04636554) is attempting to apply
personalized phage treatment in Covid-19 patients with bacterial co-infections
microbial for pneumonia or bacteremia/septicemia. Another trial launched by
Armata Pharmaceuticals is a Phase 1b/2a, double-blind, randomized, placebo-
controlled trial (NCT04596319) aiming to study the safety, tolerability, and pre-
liminary efficacy of inhaled AP-PA02 in subjects with CF and chronic pulmonary
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ClinicalTrails. Phase Target Phage Design Trail status

gov Identifier condition/
Disease

NCT01818206 NA Cystic Fibrosis A cocktail of 10 Single Group Completed

bacteriophages Assignment in2012

NCT04596319 1b/2a Chronic AP-PAQ2 Parallel Recruiting
Pseudomonas cocktail Assignment as of the
aeruginosa (Randomized, preparation
Lung double-blind, of this book
Infections and placebo- chapter
Cystic Fibrosis controlled)

NCT04636554 NA Covid-19 Phages against Expanded Recruiting
patients with A. baumannii, Access as of the
bacterial P, aeruginosa or (Intermediate- preparation
co-infections S. aureus size Population, of this book

Treatment IND/ chapter
Protocol)

NA: not available.

Table 1.
Clinical trials of phage therapy for lung infections.

P, aeruginosa infection. This is the first randomized trial on inhaled phage therapy
and the AP-PAO2 cocktail is an advanced version of AP-PA01 which was used in
the successful experimental study documented in Aslam et al. [13]. The findings
from this trial are expected to set a landmark for the development of inhaled phage
therapy.

3. Nebulization
3.1 Liquid formulation

Majority of the phage studies for lung delivery focus on liquid formulations as
minimal formulation development is required to prepare phage cocktails with suf-
ficient stability for a short storage period. The long term storage stability of phage in
liquid formulations was often reported. Cooper et al. demonstrated a phage cocktail
of 3 Pseudomonas phages (GL-1, GL-12.5 and LP-M10) suspended in phosphate
buffered saline (PBS) was stable at both 4 °C and room temperature with no statis-
tically significant titer loss (< 0.5 log) for 6 months [14]. As most commonly used
phage stabilizers, including PBS, salt-magnesium buffer (SMB) and Tris-H buffer
are not yet approved for inhalation. Dilution of phage suspension with 0.9% sodium
chloride (NaCl) is usually needed for pulmonary administration [10]. Carrigy et
al. showed minimal impacts on the phage stability with the NaCl dilution process,
suggesting the suitability of this approach [15].

To date, nebulization has been the exclusive choice for pulmonary delivery of
phage suspension in human studies due to its high delivery efficiency and capability of
delivering a large volume of liquid phage formulation (> 1 mL) to patients including
those cannot administer the dose voluntarily. Several types of commercial nebulizers
are available to aerosolize phage into fine droplets using different aerosol generation
mechanisms, including air-jet nebulization, vibrating mesh nebulization, ultrasonic
nebulization, and colliding liquid jets [16, 17]. The suitability of these nebulizers in
delivering phage to lungs has been previously evaluated in terms of deactivation of
phage upon the nebulization process.
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Jet nebulizers use compressed air to atomize the liquid phage suspension into
primary droplets and their subsequent impaction onto the baffle would further
breakdown into smaller droplets suitable for inhalation. LC-star nebulizer [16, 18],
Collison 6-jet [19-21], LC Sprint jet nebulizer [22], AeroEclipse [23] and atomizer
[24] have been used to deliver therapeutic phages. Leung et al. showed the air-jet
nebulization had negligible impacts on the stability of the Podovidae PEV2 phage,
while significant titer loss was found in Myoviridae PEV40 phage (~1 log loss)
and Siphoviridae D29 phage (~3 log loss) [22]. Based on the cryo-transmission
electron microscopy analysis, they found the nebulization-induced titer loss was
correlated with morphological damage to phages. They further suggested that the
length of phage tail may be an important consideration when delivering phages
via jet nebulization, particularly for phage cocktails containing phages of different
morphologies. The influence of the final formulation composition for nebulization
of D29 phage was evaluated by Liu et al. using a Collison 6-jet nebulizer [19, 21].
They reported that deionized water was the optimal spray liquid for D29 aerosol
generation and they postulated that the high ion strength and salt concentrations
in the PBS and 0.9% NaCl were detrimental to the phage upon jet nebulization.
These results were in accord with Carrigy et al. and Leung et al. nebulizing buffered
D29 using other jet nebulizers [15, 22]. Liu et al. also studied the impact of relative
humidity (RH) on the stability of nebulized D29 and found a low environmental
humidity condition was more favorable for D29 nebulization [19]. Later, Verreault
etal. reported that the stability of nebulized phage aerosols at different tempera-
tures and humidity is phage-dependent with some being more robust and some
being more vulnerable [21]. Overall, these studies highlighted the importance of
controlling the temperature and RH for phage nebulization.

Vibrating mesh nebulizers produce aerosol droplets by extruding the liquid for-
mulation through a membrane with calibrated holes based on the converse piezo-
electric effects. Several studies compared the aerosol delivery of phage between jet
and mesh nebulizers [15, 16, 23-25]. Golshahi et al. showed both the LCstar (air-jet)
and eFlow (mesh) nebulizers were suitable for the delivery of phages active against
Burkholderia cepacia Complex by imaging the lung deposition and mathematical
model prediction [16]. In some studies, mesh nebulizers were found to be more
detrimental to phage than air-jet nebulizers [23, 24], but reasons for the poorer
delivery of mesh nebulizer were unclear. In contrast, better phage recovery was
noted after nebulizing using a mesh nebulizer compared with the jet nebulization
in some other studies [15, 25]. Visual evidence on the correlation between the titer
reduction and morphological change of a Myoviridae PEV44 phage after nebuliza-
tion was provided by Leung et al., showing more “intact” phage was detected in
the mesh-nebulized phage samples under TEM image. The more destructive effect
of jet nebulization is likely caused by stresses associated with the droplet produc-
tion and re-nebulization processes. Based on the collected experimental data and a
mathematical model, Carrigy et al. estimated phage were re-nebulized an average
of 96 times before exiting the mouthpiece of the jet nebulizer [15]. A review from
Prichard et al. revealed that 86% of the disclosed nebulizer technology have chosen
vibration-mesh nebulizers as the delivery devices, particularly for stress-sensitive
drugs [26]. The mixed findings of phage nebulization in the literature can be
attributed to many factors, such as phage types, formulation composition, experi-
mental conditions (like temperature, humidity and sample collection methods) and
different models of the same nebulizer type. Therefore, the survival of individual
phages within a cocktail should be tested with different delivery devices for the
optimization of phage cocktail — inhalation device combinations.

Ultrasonic nebulizers use a piezoelectric transducer to generate ultrasonic wave
in the liquid drug formulation and aerosolize it at the solution surface. Upon the
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nebulization process, a portion of the ultrasonic energy converts to heat, which
could be detrimental to heat-sensitive biologics, like phages. Only one study
reported the use of an ultrasonic nebulizer to deliver phage to treat lung infections
in a mink model, but little data on the nebulization process was available [27].
More recently, Marqus et al. assessed the capability of a novel low cost and portable
hybrid surface and bulk acoustic wave (HYDRA) nebulizer to deliver a Myoviridae
phage K and lysostaphin to target Staphylococcus aureus [28]. Negligible titer reduc-
tion was noted (0.1 log loss), possibly due to the relatively low powers and high
frequencies (approximately 10 MHz) of the nebulizer. Furthermore, the size of the
aerosols generated by HYDRA is smaller (DV50 1.85 pm), well within the respirable
range, demonstrating its suitability for pulmonary delivery of phages.

3.2 In vivo efficacy of inhaled phage therapy achieved with nebulization

The in vivo efficacy of phage liquid formulation has been studied in rodent and
mink models. Semler et al. established B. cenocepacia respiratory infection model
in mice and then treated with liquid phage formulation delivered by a LC-star jet
nebulizer or intraperitoneal injection (IP) [18]. After a 2-day treatment, the lung
bacterial load was only reduced by ~0.5 log in mice received phage via IP injection,
but a 2-log bacterial reduction was observed in mice treated with inhaled phage.
This finding is in contradiction with a previous study showing that phage delivered
by the IP route was more efficacious than intranasal instillation in treating a B. ceno-
cepacia respiratory infection in mice [29]. Semler et al. accounted the discrepancy to
the efficiency of phage delivery to lungs that nebulization is a more effective way in
delivering phage particles to the lung than intranasal instillation. Also, the capabil-
ity of IP injected phage reaching lung is significantly affected by the clearance rate
of phage in blood which is phage-dependent. The iz vivo delivery efficiency of D29
phage using a Collison 6-jet nebulizer and IP route was compared by Liu et al. [20].
Approximately 10% of D29 phage could reach to the lung of mice after nebuliza-
tion and complete phage elimination was noted in 72 h, whereas only 0.1% of the
phage could reach the lung by IP injection and no phage was detected after 12 h. The
importance of phage dose on the pharmacokinetics/pharmacodynamics (PK/PD)
of inhaled phage therapy was recently confirmed by Chow et al. using Pseudomonas
phage PEV31 [30].

Carrigy et al. recently demonstrated the prophylactic function of nebulized
D29 phage for protection against Mycobacterium tuberculosis infection in a mouse
model [31]. Phage was delivered with a vibrating mesh nebulizer and a dose of 6.6
log phage reached the lung and remained there for 90 min post-delivery, suggesting
that phage was not rapidly cleared in the mouse lung. Low doses of M. tuberculosis
(5-100 CFU) were given to mice 30 min post phage administration. This phage
pretreatment was able to significantly reduce the bacterial burden in mouse lungs
at 24 h and 3 weeks post infection. The prophylactic effect of phage was also
demonstrated in a rat model against methicillin-resistant S. aureus infection [32].
Phage was given by a vibrating mesh nebulizer 4 h before the bacterial challenge,
higher survival rate (60-70% improvement) with a 2 log bacterial reduction in the
rat lungs were observed. Both studies demonstrated prophylactic treatment with
sufficient dose of nebulized phage may provide protection to immunocompromised
individuals and health care professionals who are at risk of exposure to “superbugs”

There is accumulating evidence that bacterial clearance by phage therapy requires
the synergy between phage and host immune system. Therefore, the translation of
preclinical data collected from rodent to humans should be treated with care due to the
significant difference in their immune systems [33]. Cao et al. explored the phage anti-
bacterial effect of hemorrhagic pneumonia in a mink model [27]. Effective treatment

145



Bacteriophages in Therapeutics

outcomes were achieved at multiplicity of infection (MOI) of 10 with an 80% survival
rate at 12 days after phage administrated by means of ultrasonic nebulization.

4. Dry powder inhalers
4.1 Powder formulation

Although nebulization has been the method of choice for phage delivery in
treating lung infections in clinical settings, dry powder formulations are preferred
to liquid formulations in terms of storage, transportation and administration [34].
Compared to nebulizers, dry powder inhalers (DPIs) are easier to handle without
the need of a power source, fewer cleaning requirements and quick delivery [35].
Current research on pharmaceutical development of inhaled phage dry powder
mainly focuses on formulation optimization for sufficient powder dispersibility to
deliver phage to the lung and storage stability. The choice of excipients plays a key
role among all the techniques to produce phage dry powder. Zhang et al. published a
comprehensive review to discuss how the choice of excipients affecting the stability
of phage in the solid-state [36]. Overall, sucrose, lactose and trehalose are the most
popular disaccharides in phage powder formulations. Freeze drying (FD), spray
drying (SD) and spray freeze drying (SFD) have been used to generate inhalable
phage dry powders with these excipients.

FD is a commonly employed technique to stabilize drugs in solid state
[37]. Puapermpoonsiri et al. used FD to generate dry powder of phage-loaded
poly(lactic-co-glycolic acid) (PLGA) microspheres designed for pulmonary deliv-
ery [38]. Although phages were successfully incorporated into the PLGA micropar-
ticles, the poor shelf-life of the encapsulated phage which completely deactivated
within 7 days either stored at 4 °C or 22 °C was discouraging. In their follow-up
study, they investigated the feasibility of using a high concentration of sucrose
(0.5M) or PEG6000 (5%) to stabilize the FD phage cake [39]. Although rapid
phage reduction was still noted over the first 7-14 days, phage remained relatively
stable in the powder formulations thereafter. Since then, a number of studies have
studied the impacts of various excipients on the production loss and storage stabil-
ity of FD phages [40-43]. Among all excipients examined, sucrose and trehalose
were identified as the most promising stabilizers to preserve phage viability upon
the dehydration in the drying process and upon storage. The residual moisture
content was found to play an important role in maintaining phage stability. Similar
to other protein therapeutics, a 3-6% moisture content of the powder cake was
found to be optimal for phage preservation [39, 41]. Although the mechanisms of
phage stabilization in dry powder by these sugars are still unclear. Two most accept-
able hypotheses for the stabilization of proteins in the solid state by sugars are water
replacement and vitrification, which may also be applicable to phages because they
are mostly composed of proteins.

In general, FD powder is not respirable, and a separate milling step is required
to reduce the particle size to <5 pm, suitable for pulmonary delivery. However, the
high-energy milling may cause additional phage loss due to the generation of heat
and mechanical stresses. Golshahi et al. prepared FD formulations of KS4-M and
®KZ phages with 60% lactose and 40% lactoferrin suitable for pulmonary delivery
without milling [44]. The size of the phage powder was within the inhalable range
(< 5 pm) and acceptable aerosol performance with a fine particle dose of >10° pfu
using an Aerolizer was achieved. The production loss was 1-2 log which was not
desirable, but the FD phage powders were stable with negligible titer reduction
within 3 months storing either at 4 °C or 22 °C.
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SD is a well-established single-step technique employed for the production
of many inhaled pharmaceutical products [45]. Matinkhoo et al. were among
the first to study the feasibility of using SD to produce inhalable phage powders
comprising trehalose and leucine with or without a third excipients (a surfactant
or casein sodium salt) [46]. In these formulations, trehalose was used to protect
phage against dehydration; leucine forming a crystalline shell at the particle surface
was used to enhance the dispersibility of powders; and a surfactant was employed
to reduce aggregation of phage during the drying process. Due to the thermal
sensitivity of phage, alow drying temperature was used to produce SD powders
with acceptable production loss (0.4-0.8 log) and phage lung dose (7-8 log pfu).
Trehalose-alone formulation was employed by Vandenheuvel et al., but the pro-
duction loss was found to be phage dependent [47]. On the other hand, trehalose-
leucine and lactose-leucine systems could stabilize a panel of Pseudomonas phage
upon the SD process [48-51]. Since the SD trehalose and lactose is amorphous,
Chang et al. demonstrated that the addition of a sufficient amount of leucine (at
least 20%) was critical to stabilize phage by minimizing recrystallization of treha-
lose/lactose during powder production process [48]. Despite a low production loss
was achieved, particle merging was still significant for formulation containing 80%
sugar and 20% leucine due to moisture sorption upon handling. Therefore, higher
leucine content and the addition of mannitol to the excipient system was attempted
to improve the morphology and reduce the moisture sorption capacity of the
phage powders during handling and storage (Figure 1a-c) [49, 50]. Although these
approaches significantly reduce the problem of particle merging and make powder
handling easier, they failed to stop the recrystallization of the amorphous content
at high humidity conditions (RH > 50%). Therefore, storing the SD powders at
low humidity conditions (RH < 20%) was generally recommended [48, 49, 52, 53].
The storage temperature was also reported to be important on phage dry powder
stability. It is generally recommended to store phage drug powder at a temperature
at least 50 °C below the glass transition temperature (Tg) of the powders [54].

WO S ENTS W e BEOKX SpuAnees i

Figure 1.

Representative scanning electron microscopy images of phage powders produced by spray drying (a-c) and
spray freeze drying (d). (a) 80% trehalose+20% leucine; (b) 60% trehalose +20% mannitol +20% leucine;
(c) 70% trehalose +30% leucine and (d) 60% trehalose+20% mannitol and 20% leucine.
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Overall, SD phage powders composed of trehalose/lactose not less than 40% of the
total solid content together with leucine and mannitol was able to stabilize phage in
powder form with sufficient long shelf-life (< 1 log titer loss in 12 months) under
refrigeration or room temperature at RH < 20% and yield acceptable lung dose
(10°-10’ pfu) [46-50, 53]. While leucine is a commonly employed surface active
agent to improve the powder dispersity of inhaled pharmaceuticals, trileucine has
also been increasingly used to improve aerosol performance and stability of SD
powders for inhalation. Recently, Carrigy et al. demonstrated the effectiveness of a
trileucine and trehalose system in preserving an anti-Campylobacter phage, CP30A,
in powder form for long-distance ambient temperature transportation [55, 56].

SFED is a relatively new drying technique to produce inhalable dry powders.
The produced powders are superior to those prepared by traditional FD in terms
of structure, quality, and the retention of volatiles and bioactive compounds [57].
The suitability of SFD porous mannitol carriers for pulmonary delivery of drug
nanoparticles and biologics have been demonstrated [58-60]. Leung et al. produced
SFD phage powder and compared their differences of powder properties with the
SD phage powders (Figure 1d). With the use of a high frequency of ultrasonic
nozzle in the SFD process, a significant titer reduction (>2 log) was noted in the
spraying process, making the overall production loss inferior compared with the
SD process [53]. Nonetheless, the larger porous carrier provided a larger extent of
protection of the embedded phage during aerosolization with a higher recovery of
viable phage compared with the SD counterparts. The conventional SFD process
is a two-step manufacturing process, which hinders scaling up. Ly et al. used an
atmospheric spray freeze-drying (ASFD) technique, which is a single step process,
to prepare D29 phage powder [61]. An acceptable titer loss (~0.6 log) was noted due
to the use of a twin-fluid nozzle and improved mass and heat transfer rates.

4.2 In vivo efficacy of inhalable phage dry powder

Pulmonary delivery of dry powder to small animals is challenging as they cannot
inhale powder actively. Intratracheal delivery using a dry powder insufflator, either
the commercially available Penn-Century models or custom-made insufflators [62],
are commonly employed to introduce powders directly into the lungs of the experi-
mental animals. Chang et al. explored the in vivo efficacy of phage powder to treat
lung infections caused by MDR P, aeruginosa in a mice pneumonia model [63]. After
challenging the neutropenic mice with intratracheal administration of the bacterial
suspension for 2 h, powder of phage PEV20 was administrated use a Penn-Century
dry powder insufflator at a concentration of 2 x 10’ pfu/mg. A significant bacterial
reduction (5.3 log cfu) was noted after 24 h post-infection accompanies with 1 log
phage propagation. The successful treatment outcomes and safety profile from this
study warrant further investigation to fully evaluate the therapeutic potential of
inhaled phage powder in managing lung infections.

5. Other inhalation devices
5.1 Metered dose inhaler

Pressurized metered-dose inhalers (pMDIs) are the most popular inhalers for
the treatment of asthma and chronic obstructive pulmonary diseases. To date, only
one study has attempted this type of device to aerosolize phage [64]. The phage

cocktail suspension containing FKZ/D3 and KS4-M phages, was formulated in a
reverse emulsion with Tyloxapol surfactant using hydrofluoroalkane 134a as the
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propellant. A limited loss of phage activity (0.5-0.9 log) upon the actuation was
observed, but the long term storage stability of the phages was not assessed. Further
studies to examine the interactions between phage and liquefied propellant gas [65],
and maximum loading capacity of phage/puff are required to move this inhaler
choice forward.

5.2 Soft mist inhaler

Soft mist inhaler (SMI) is a relatively new generation, propellant-free inhaler
that delivers drugs to the lung more efficiently than pMDIs because of the lower
spray velocity and longer duration time [66]. Carrigy et al. compared the delivery
efficiency of phage among vibrating mesh nebulizer, jet nebulizer and SMI [14].
SMI was showed to deliver phage D29 at high titers quickly (~5 x 10° pfu/actua-
tion) with an acceptable titer reduction (0.6 log pfu/ml) and a higher lung delivery
(3.2 x 10° pfu/actuation of inhalable active phage). This compact and light weight
device may act as an attractive option for self-administration of phage aerosols.

6. Combination of phage therapy and antibiotic to treat lung infections
6.1 Mechanisms of phage-antibiotic synergy

With the emergence of phage-resistant bacteria [67], the combination therapy
of antibiotics and phages has drawn increasing attention. Synergistic effect
of antibiotic and phage against S. aureus was first reported by Himmelweit et
al. back in 1945 [68]. Similar synergistic antibacterial effects have also been
observed in a number of subsequent studies [69-79]. In 2007, Comeau et al.,
coined the term phage-antibiotic synergy (PAS) corresponding to an incident
where the killing effect of bacterial strains considerably higher when phage pro-
duction increases by the sublethal concentrations of particular antibiotics [80].
While many antibiotics exhibit synergistic effect in combination with phages,
two specific classes of antibiotics (namely beta-lactams and fluoro-quinolones)
were shown to produce a more consistent and pronounced antibacterial syner-
gistic effect with phage therapy. The precise mechanisms contributing to phage-
antibiotic synergy remain largely unknown. A few possible mechanisms have
been proposed (Figure 2): (1) Antibiotic causes cell elongation or filamentation,
thus subsequently promoting phage production; (2) Degradation of the extracel-
lular membrane of bacteria by phage facilitates internalization of antibiotic into
cells; (3) Auto-aggregation of bacterial cells leads to synergism; (4) Bacteria
containing complete prophages could be induced by antibiotics which further
kill bacteria [81]. The capacity of phage in resensitizating bacteria to certain
antibiotics have also been reported as the host bacteria cannot develop resistance
to phage and antibiotic simultaneously [82-84]. As a result, the phage-antibiotic
combination can kill both phage-sensitive and antibiotic-sensitive pathogens with
the phage lysing cells resistant to antibiotics and antibiotic mediated killing of
phage-resistant bacterial cells and eventually inhibit the infections.

Interestingly, the sequence of phage and antibiotic administration was found
to be critical in the overall antibacterial effect from the combination treatment.
Chaudhry et al. showed the efficiency of removing P. aeruginosa PA14 biofilm was
higher when the biofilm was treated with phages before antibiotics [85]. A similar
observation was also reported in another study evaluating phage-antibiotics com-
bination therapy against S. aureus biofilms [86]. However, the observed synergistic
effects were found to be dependent on the class of antibiotics used. Pre-treatment
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Figure 2.
Possible mechanisms responsible for phage-antibiotic synergy.

with phage led to favorable antibacterial effect when combined with linezolid or
tetracycline, whereas antagonism was observed between the phage and dicloxacillin
or cefazolin. Furthermore, it is noteworthy that an antagonistic effect was observed
when the bacterial biofilm was treated with antibiotics preceding the phage therapy,
irrespective of which class of antibiotics used [86].

6.2 Novel tools for selection of optimum phage-antibiotic combination

Since the exact mechanisms responsible for PAS are still unclear and the choice
of the combinations is mostly empirical, it is not surprising that mixed results were
reported in the literature [72, 82]. Also, the concentration of antibiotics used in
previous studies was limited to one or two levels, which is not enough to predict the
efficacious concentration when applied in clinical treatment. To solve these prob-
lems, Liu et al. developed a high-throughput platform called synogram by combin-
ing an optically based real-time microtiter plate readout with a matrix-like heat
map to quickly assess the effects of various phage and antibiotic concentrations on
bacterial growth [87]. They concluded that PAS is highly dependent on the antibac-
terial mechanism of action for antibiotic and phage pairs and their stoichiometry.

To guide the choice of phage-antibiotic combination, Rodriguez-Gonzalez et al.
[88] developed an iz silico nonlinear population dynamics model taking into
account the systemic interactions between bacteria, phage and antibiotics to mimic
in vivo application by given an immune response against bacteria. Using two P
aeruginosa strains, one phage-sensitive (resistant to antibiotic) and one antibiotic
sensitive (resistant to phage), as the model bacteria, the phage-antibiotic combina-
tion therapy was confirmed to outperform the monotherapy. The role of the host
immune response was also evaluated and the model predicted that the phage-
antibiotic combination failed to eliminate the infection when innate immunity was
removed or severely reduced. Their findings confirmed the clearance of infection
is depending on the nonlinear synergistic interactions between phage, antibiotic,
and innate immunity. The iz silico prediction was consistent with previous experi-
mental results obtained iz vitro and in vive. While this model is a valuable tool in
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identifying potential phage-antibiotic combinations, further modification of the
model to yield high-resolution temporal data in addition to the final results will be
useful for quantitative comparison of the model-based predictions with experimen-
tal results.

6.3 Formulations of phage-antibiotic combination to treat lung infections

Streptococcus pneumoniae, S. aureus, B. cepacia complex, Klebsiella pneumonia and
P, aeruginosa are the major causative pathogens for lung infections. A summary on
previous work on the combination phage-antibiotic therapy against these pathogens
were provided in Chang et al. [8]. Recently, Lin et al. screened a panel of antibiotics
with PEV20 phage to target two P. aeruginosa strains and ciprofloxacin showed the
highest synergistic effects. The combination was then nebulized using a jet nebu-
lizer and a mesh nebulizer with no difference in the antibacterial effect observed
between the nebulized samples and non-nebulized suspension [89]. Later, the same
research team investigated the feasibility of formulating this combination into dry
powder formulations [90]. PEV20 phage and ciprofloxacin were co-spray dried
with leucine and with or without lactose. Both formulations maintained bacteri-
cidal synergy after dispersion using a low resistance inhaler or a high resistance
inhaler, both showing acceptable FPF (60-75%). The antimicrobial efficacy of the
PEV20-ciprofloxacin combination powder was also confirmed in a mice respiratory
infection model with significant bacteria reduction (5.9 log) at 24 h post-treatment,
while no loss of bacteria viability when mice was treated with phage or antibiotics
alone [91]. The long-term storage stability of the combination powder at 4 °C and
20% R.H. was also confirmed [92].

7. Challenges for pulmonary delivery of phage and future perspective

Phage therapy is evolving as a promising alternative or an adjuvant to antibiot-
ics for the battle against MDR bacteria. Although a few randomized, double-blind
and placebo-controlled clinical trials have been conducted to assess tolerance and/
or efficacy of phage therapy in the past few years, none of the completed trials have
yielded data supporting the promising observations noted in the experimental
phage therapy conducted in animals and humans. Gérski et al. highlighted the
importance of the quality and titer of the phage preparations and their delivery effi-
ciency to the target sites to ensure a sufficient high phage to bacteria concentration
in the vicinity of infected tissues [93]. For lung infection, directly delivering phage
preparation to the airways enhance the incidence of phage getting access to its host
bacteria, avoiding the rapid clearance in systemic circulation. Advancements have
been made in the past decade to improve the formulations for pulmonary delivery
of phage. Here we highlight some hurdles remained to be tackled to bring inhaled
phage therapy to clinical settings beyond compassionate use and a few prospective
research directions for the commercial application of aerosol formulations.

As a sufficient amount of phage at the site of infection is the prerequisite for
successful therapy, nebulizers and DPI are better choice for pulmonary delivery of
phage compared with pMDI and SMI due to their capacity of high dose delivery. The
detrimental effect of the various type of nebulizers to phage was found to be phage-
specific, likely attributing to the tail morphology of phage [21] and compositions of
the phage formulations [18]. Systematic studies to confirm their impacts on phage
nebulization will provide important information in developing new phage cocktail
formulations. Although liquid formulations are commonly used for phage therapy,
solid phage formulations are more desirable for long-term storage and transportation.

151



Bacteriophages in Therapeutics

While stable phage powder formulations have been successfully achieved with stor-
age at ambient temperature, they are usually required to be handled and stored at

low humidity conditions (RH < 20%) [48-50]. These would be easily achievable in

a manufacturing setting and with pharmaceutical packaging designs. As excessive
environmental moisture could also be relevant in patients’ homes or in healthcare set-
tings, the impacts of humidity on powdered phage administration should be evaluated
to ensure the phage product could be used successfully in different geographic regions
over the world. In preparing phage-powder formulation, trehalose, lactose, and leucine
are commonly employed to stabilize phage. However, these excipients have not been
approved for inhalation except lactose was approved as a carrier which is not expected
to be delivered to the lower respiratory tract. Further in vivo studies are required to
evaluate the safety profile of these excipients for both short term and long term usage.

Currently, in vivo data of phage therapy for lung infections mostly focused on
acute infections that phage preparation was given at within a few hours post-infec-
tion. However, in clinical settings, the phages are unlikely given immediately after
the onset of infection, the postponed treatment may lead to significant bacterial
growth and biofilm formation, more research is needed to evaluate the thera-
peutic efficacy of phage therapy against chronic lung infection in animal models.
Moreover, more extensive in vivo PKPD evaluations are needed to investigate the
optimal administration dose and time for pulmonary phage therapy.

The role of the immune system on phage therapy is largely unexplored in animal
studies and human trials [33, 88]. Depending on administration route, phage
type and phage dose, and duration of phage therapy can lead to the generation
of neutralizing antibodies [94]. Together with increasing evidences showing the
interactions between phage and mammalian cells [95-97], it would be worthwhile
to explore the interaction between phage formulations with lung leukocytes and
epithelial cells lining the alveolar surface and the conducting airways.

Current phage formulation research is largely empirical based. To speed up the
research progress for phage therapy, iz silico models and database would be required
to predict phage-excipient interaction, phage-antibiotic combination and pharma-
cokinetic/pharmacodynamics (PKPD) profiles.

8. Conclusion

In the past decade, highly acceptable formulations have been achieved with min-
imal phage loss and desirable stability for pulmonary delivery using both nebulizers
and dry powder inhalers. The synergistic effect of the phage-antibiotic combina-
tion provides an efficient way to prevent the emergence of bacterial resistance and
reduce the toxicity of antibiotic use. However, systematic PKPD profile of phage
after administration by inhalation, and the modern tools to accurately predict the
result of combination therapy are still pending. With the advent of phage research,
the sound manufacturing and regulatory guidelines towards successful clinical
trials to bring phage therapy to clinical settings will be beneficial to the patients
suffering from bacterial infections.
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Chapter 10

Challenges of Phage Therapy as

a Strategic Tool for the Control

of Salmonella Kentucky and
Repertoire of Antibiotic Resistance
Genes in Africa

Igomu Elayoni Emmanuel

Abstract

Salmonella Kentucky ST198 (S. Kentucky ST198) is the most ubiquitous
multidrug resistant (MDR) strain posing the greatest threat to public health,
livestock and food industry in Africa. The reinvention of bacteriophage (Phage)
as a non-antibiotic alternative only gives a glimmer of hope in the control of MDR
strains of Salmonellae. S. Kentucky ST198 posses’ chromosomal and plasmid factors
capable of been co-opted into phage mediated transduction and co-transduction
of antibiotic resistance genes (ARGs) as well as cross-serovar transduction of
ARGs. Phage DT104, DT120 and P-22 like prophages like PDT17 and ES18 together
have been shown to be capable of transducing and co-transducing the classical
ACSSuT resistance phenotype identified in most S. Kentucky ST198 strain on the
continent. Also, the institution of fluoroquinolones and third generation cepha-
losporin for salmonellosis treatment in animals or human infected by S. Kentucky
ST198 strain resistant to these drugs can induce Salmonella phage transduction of
kanamycin between different Salmonella serovars if present. This review highlights
possible risk associated with the use of known Salmonella phages in the control of
S. Kentucky ST198 and the need for chromosomal and plasmid tracking of genes
prior to the institution of phage therapy on the continent.

Keywords: Bacteriophages, Salmonella Kentucky ST198, DT104, transduction, ARGs,
Salmonella conjugative plasmids, Africa

1. Introduction

Bacteriophages (here in after called phages are viruses that can infect a bacteria
and replicate within it) are completely alien to the routine therapeutic regimens in
both veterinary and human medical practices in Africa, and where phage therapies
have been instituted they are mainly experimental. Phage therapy has shown to
be an ecologically sustainable tool in the control of bacterial infection; scientific
researches places phages to be superiorly bactericidal specific, efficacious and
cost effective when compared to antibiotics and interestingly it has been proven to
inhibit biofilm formation in pathogenic bacteria [1-3], customarily the production
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of biofilms by bacterial cells significantly increases their resistance to antimicrobials
as compared to what is normally seen by the same cells being planktonic [4]. In
Africa, the indiscriminate use of antimicrobials for treatment of salmonellosis in
both human medical and veterinary practices has allowed for the proliferation of
multidrug resistant (MDR) determinants and the sharing of antibiotic resistant
genes (ARGs) between serovars of Salmonellae and other bacteria population, and
on a continent where Poverty, human immunodeficiency virus/acquired immune
deficiency syndrome (HIV/AIDS), Malaria, Tuberculosis and other immuno-
compromising diseases are prevalent, the impact of MDR salmonellosis is severe
[5]. It has become pertinent that alternative strategies for control of salmonellosis
and Salmonella associated infections be adopted especially where MDR strains

of Salmonellae persist. Salmonella Kentucky (S. Kentucky) is amongst the most
ubiquitous Salmonella serovar identified on the African continent in the present
decade and MDR strains pose significant health risk and a threat to the livestock
production, livestock trade and food industry [5]. Several MDR strains have been
isolated in most regions of the continent and the abusive use of antibiotics has only
enhanced its mutative MDR tendencies and acquisition of ARGs between serovars
and other non-genera of Salmonella. The institution of phages in the treatment of
salmonellosis has shown promising results because of their very low transduction
frequencies in the transmission of ARGs of Salmonella spp. [6], they exist every-
where in the environment and are natural, economically sustainable, nontoxic

and some phages have shown broad activity against numerous serovars of MDR
Salmonella spp. [7, 8]. Felix-O1 and SE13 are examples of Salmonella phages with
broad serovar capacities; Felix-O1, a virulent phage was proven to infect 98.2% of
all Salmonella strain and SE13 was capable of lysing 83.6% of Salmonella strain it
was tested with [7, 8]. While researches on the use of phages for the treatments of
S. Kentucky in Africa are scarce, [9] reported an effective use of phage in the reduc-
tion of S. Kentucky colonization in different broiler farms in Egypt. Phage-host
interactions through the mechanism of horizontal gene transfer have contributed
significantly to genetic flux vastly responsible for the acquisition and dissemination
of important bacterial phenotypes, such as enhanced colonization of the human or
animal gut epithelium, AMR and toxin production [10, 11]. Thus, the identification
and careful selection of phages devoid of genetic elements that could pose risk to
human and animal health is critical to biocontrol applications [12]. This review
proposes to highlight challenges that may arise in the institution of phages asa
strategic non-antibiotic tool for the control S. Kentucky and repertoire of its ARGs
without prior studies on their genetic make-up.

2. Antibiotic resistant gene

Antibiotic resistance genes (ARGs) are an emerging public health contaminant,
posing a potential global health risk. A major factor contributing to the increased
environmental burden of ARGs is the rise in intensive livestock farming [13]. The
World Health Organization (WHO) defines antimicrobial resistance (AMR) as “an
increase in the minimum inhibitory concentration of a compound for a previously
sensitive strain” [14]. Human beings consistently use large amounts of antibiotic
in the human medical contexts as well as for growth factors and prophylaxis in
agriculture and livestock, culminating in the contamination of environmental
microbial communities. Unfortunately, even when pathogenic bacteria are the
specific targets of antibiotic use, hundreds of non-pathogenic bacteria species are
affected [15]. Thus, antibiotics are present in microbial communities, not only as
aresult of the natural lifecycle of microorganisms but also to the usage of these
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drugs in agriculture, food industry, livestock and human health [16]. The presence
of antibiotic resistance genes in environmental bacteria may be responsible for
different mechanisms employed to overcome the natural antibiotics present in

the environment. Recently this gene pool has been named the ‘resistome’, and its
components can be mobilized into the microbial community affecting humans
because of the participation of genetic platforms that efficiently facilitate the mobi-
lization, transmission and maintenance of these resistance genes. Evidence for this
transference has been suggested and or demonstrated using cutting-edge research
techniques with newly identified widespread genes in multidrug-resistant bacteria
[17]. These resistance genes include those responsible for plasmid-mediated efflux
pumps conferring low-level fluoroquinolone resistance (gepA), ribosomal meth-
ylases affecting aminoglycosides (armA, rtmB) and methyltransferases affecting
linezolid (cfr) all of which have been associated with antibiotic-producing bacteria.
Recently, resistance genes whose ancestors have been identified in environmental
isolates that are not recognized as antibiotic producers have also been detected.
These include the gnr and the blaCTX genes compromising the activity of fluoro-
quinolones and extended-spectrum cephalosporins, respectively [17]. Bacteria can
express antibiotic resistance through chromosomal mutations or via the acquisi-
tion of genetic material through horizontal gene transfer from other bacteria or

the environment. Acquisition of genetic material via horizontal gene transfer is
largely driven by mobile genetic elements (MGEs), such as plasmids, transposons or
bacteriophages, which play a critical role in the evolution and ecology of bacterial
communities by controlling the intra-species and interspecies exchange of genetic
information [18]. While the transfer of these MGEs usually occur through transfor-
mation, transduction, or conjugation, conjugation is mostly considered the most
efficient mechanism employed for the exchange of genetic material among bacteria
[19]. The ease of acquisition and spread of ARGs by bacteria via conjugation is
frequently through conjugative plasmids and transposons, and the contribution of
these elements to antibiotic resistance pool has been extensively studied in hospital,
community, agricultural and environmental settings [15-17, 20, 21], but very little
is known about the role of bacteriophages as vehicles for ARGs in environmental
settings. Recent findings based on cutting-edge genomic technologies suggest that,
in these settings, bacteriophages play a more important role in the mobilization of
ARGs than previously documented [22].

3. Phage transduction: primary mechanism for the transfer of ARGs

Intensive studies of the mechanisms for horizontal gene transfer responsible for
the increased spread of antibiotic resistance to foodborne bacterial pathogens have
been undertaken; Conjugation, transformation, and transduction are the funda-
mental mechanisms by which dissemination of ARGs occurs [23]. Transduction is
primarily the horizontal gene transfer mechanisms employed by most phages, and
recent findings have shown phage-mediated transduction to be a significant driver
in the dissemination of ARGs [24]. The concept that phage mediated transduction is
a major driver of horizontal transfer of ARGs between foodborne pathogens, as well
as from the environment to animals and humans, is increasingly been recognized.
Phages are recognized as the most abundant organism in the biosphere, and are
found in every environment regardless of their diversities, including oceans, lakes,
soil, urban sewage, potable and well water, plant and animal microbial communities
[25]. ARGs are often found on various MGEs, and are readily transferred horizon-
tally by phage transduction [24]. Phages infect bacteria and either incorporate their
viral genome into the host genome, replicating as part of the host (lysogenic cycle),
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or replicate inside the host cell before releasing new phage particles (lytic cycle)
[22, 26]. Phages can be either virulent or temperate. The mechanism of transduc-
tion has been vastly described in virulent phages (defined by their capacity to
undergo lytic cycles). Following bacterial infection, there is an immediate induc-
tion of phage particles formation and lysis of the host cell but virulent phages do
not integrate their DNA into the host chromosome. Temperate phages (known to
undergo lysogenic cycle), integrate their DNA into the host chromosome and the
prophage may remain dormant in the host until other factors like stress induces

the excision of the phage from the chromosome leading to subsequent formation
of phage particles and lysis of the host cell. Some phages can also adopt a pseu-
dolysogenic state under unfavourable growth condition. In this state, their genome
does not degrade but rather exist within the host cytoplasm as a plasmid and
during bacterial cell division becomes incorporated into just one daughter cell [26].
Genetic materials are transferred between hosts either by generalized or specialized
transduction. Virulent and temperate phages can undergo generalized transduc-
tion, here, bacterial DNA fragments are randomly packaged into the phage capsid
during their lytic cycle forming a “transducing particle” These “offspring” phages
do not contain phage genes, and only the capsid has a viral origin. Despite this, the
transducing particle is capable of injecting the bacterial genes into a susceptible
recipient cell, which can subsequently be incorporated into the host genome by
recombination [5, 22, 24]. Specialized transduction is restrictive to temperate
phages and results in the packaging of bacterial DNA into phages at a higher
frequency; temperate phages insert their genomes into a specific region of the host
chromosome. An inaccurate excision of the prophage may lead to the capture of the
flanking genes adjacent to the phage integration point. If capsids carrying the rear-
ranged phage genome with these foreign genes infect other bacteria and integrate
into the host chromosome, transduction of the acquired genes will be achieved.
However, the probability that the transferred genes are antibiotic resistance-related
is relatively low [5].

4. Phage transduction of ARGs in Salmonellae

Salmonella phages have been extensively used in molecular biology for the
introduction of foreign genes by generalized and specialized transduction. P-22, a
well-known phage is a classical example, other P-22 like prophages ST104 or PDT17,
harboured within DT104 phage type have been hypothesized to facilitate horizontal
transfer of the penta-resistance genes [27, 28]. The penta-resistance genes in phage
type DT104 are clustered on a 43-kb Salmonella genomic island-1 (SGI1), which
is flanked by two type I integrons [29]. Salmonella genomic island 1 (SGI1) is an
integrative mobilizable element that harbours a multidrug resistance (MDR) gene
cluster. A research undertaken by [27] asserted that ES18 and PDT17, also a P-22 like
phage, following release from DT104 could transduce ARGs. Their findings further
demonstrated the transduction of cam and amp by phage PDT17 and amp, cam,
and tet, which confer resistance to ampicillin, chloramphenicol, and tetracycline,
respectively, by ES18 from a donor DT104 strain into a DT104 recipient strain lack-
ing these resistance genes. Phage ES18 also co-transduces selected ARGs of the 71 tet
transductants and of the 145 cam transductants. Interestingly, in 14 of 16 transduc-
tants, it was noticed that phage E18 could co- transduce sul and str, genes involved
in resistance to sulphonamides and streptomycin, respectively, together with amp,
cam, and tet to create the ACSSuT (ampicillin, chloramphenicol, streptomycin,
sulphonamides, and tetracycline) resistance phenotype [27]. This co-transduction
likely occurs because amp and str are situated on the integrons flanking SGI1, and
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the phage likely packages the SGI1 and its flanking integrons [30-32]. P-22 phage
has also been identified within DT120 isolates shown to be capable of generalized
transduction and possess the ACSSuT resistant strain [33]. See [33] reported that
carbadox, a veterinary antibacterial that posses’ mutagenic and carcinogenic capa-
bilities induced phage transduction in DT104 and DT120. Furthermore the absence
of transduction in DT104 strain which had its P-22 like prophage deleted following
induction with carbadox suggests that P-22 like prophages are responsible for gener-
alized transduction. Thus; transduction and co-transduction by P22-like prophages
of ARGs co-located within SGI1 in multidrug-resistant Salmonellae strains is a
common phenomenon. Also, genome scanning proved that P22-like prophages were
common in 18 Salmonella serovars implying that generalized transduction may be
greatly underestimated [33].

5. Transduction of Ciprofloxacin and cephalosporins genes

Ciprofloxacin a fluoroquinolone and third generation cephalosporin are
the drugs of choice in the treatment of invasive Salmonella infections [34-36].
Resistance of Salmonella to ciprofloxacin is due mainly to double mutations in gyrA
and a single mutation in parC genes. In addition, ogxAB operon is suggested to be
responsible for the increase in resistance observed in clinical Salmonella strains [37].
It was observed by [38], that Ciprofloxacin, enrofloxacin and danofloxacin induced
Salmonella phage DT104 and DT102 transfer of a native kanamycin resistance plas-
mid to a strain of Salmonella Typhimurium by generalized transduction. Resistance
to cephalosporin is mainly due to extended spectrum beta-lactamases (ESBLs), such
as TEM-, SHV-, and CTX-M, or plasmid mediated AmpC f-lactamases (pAmpCs),
such as CMY, encoded on transmissible conjugative plasmids [39-41], or be
transferred by generalized transduction. Phage P24, induced from an isolate of S.
Typhimurium, was propagated on a multidrug resistant strain of S. Heidelberg (S25).
Thus, when the MDR S25 harbouring phage P24 was used as transduction donor
to transfer ESBL and tetracycline resistance genes to a recipient S. Typhimurium
isolate. PCR confirmed the presence of blaCMY-2, tet(A), and tet (B) in vari-
ous S. Typhimurium transductants. Although the tetracycline genes were not
co-transduced with blaCMY-2, their transduction frequency was equivalent, indi-
cating generalized transduction and evidently reporting the transfer of ARGs by
phage-mediated transduction between different Salmonella serovars. This finding
likely expresses that cross-serovar transduction occurs frequently because phages
can bind to various surface protein receptors on different species and serovars [42].
The LPS, FliC, OmpC, OmpF, OmpA, are examples of phage receptors present in
Salmonella [43]. In the previous study [42] it was observed that 13 inducible phages
recovered from 31 Salmonella serovars were capable of propagating on two or more
Salmonella serovars including those often responsible for foodborne outbreaks such
as S. Heidelberg, S. Enteritidis, S. Typhimurium and S. Kentucky. Finally, the findings
of [42] demonstrate the spread of antibiotic resistance in Salmonellae by phage
mediated transduction.

6. Transduction of R-factor genes
R-factors which are a group of conjugative plasmids that harbour one or more
antibiotic resistance determinants and represents another form of MGE that can

be transferred horizontally by phage mediated transduction [24]. Conjugative
plasmids are also self-transmissible, affording them the capacities to increase the
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spread of ARGs. The origin of transfer (o7iT), MOB genes, and the mate-pair
formation (MPF) genes are the essential components for conjugation [44, 45]. In
order for conjugation to occur, a protein complex called a ‘relaxasome’ responsible
for processing plasmid DNA to prepare it for transfer must form at the oriT [46-48]
and the mechanism for R-factor-phage acquisition and propagation of ARGs may be
random. R factors in close proximity to P22-like prophages could be integrated into
the head of the assembling phage during induction from its host, thus contributing
to the spread of ARGs within bacteria capable of causing foodborne illnesses, in the
intestinal flora of livestock and in the environment [24].

7. Virulent factors of S. Kentucky ST198 that may potentiate
phage-mediated transduction of ARGs

Salmonella Kentucky ST198 is a global contaminant and an emerging risk for
foodborne illness, although first identified in Egypt it has now been isolated in
several countries across the different regions in Africa [5, 49], with reservoirs in
various animals and food [49-54]. Successes have been recorded with the institu-
tion of phages in controlling the spread of MDR Salmonella Kentucky [9, 55]; these
findings however rarely discuss the tendencies of phage-host mediated propagation
of ARGs or other MDR determinants. S. Kentucky ST198 belongs to a single lineage,
which is predicted to emerged circa 1989 following the acquisition of the AMR-
associated Salmonella genomic island (SGI) 1 (variant SGI1-K), that confers resis-
tance to ampicillin, streptomycin, gentamicin, sulfamethoxazole and tetracycline
[56]. This MDR Salmonella Kentucky clone has undergone substitution mutations
in the quinolone-resistance-determining regions (QRDRs) of DNA gyrase (gyrA)
and DNA topoisomerase IV (parC) genes, such that most strains carry three QRDR
mutations which together confer resistance to ciprofloxacin. Its molecular charac-
terization further shows a chromosomal genomic island carrying resistance genes
that confer resistance to p-lactam antibiotics, carbapenems, quinolones, aminogly-
cosides, co-trimoxazole (trimethoprim-sulfamethoxazole), and to Azithromycin.
Extended-spectrum cephalosporins (ESCs) resistance has also been associated with
S. Kentucky ST198 [57-60]. Genetic basis for this resistance showed an extended-
spectrum b-lactamase (ESBL) [61]. The aforementioned resistant properties
evidently can allow for the transfer of native kanamycin resistance plasmid to
strains of S. Typhimurium or other Salmonella serovar by generalized transduction
as treatment with these antibiotics as reported by [38] can induce Salmonella phage
DT104 and DT102 transmission of a native kanamycin resistance plasmid and other
ARGs between serovars of Salmonella by generalized transduction. S. Kentucky also
exhibits an extensive MDR pattern with diverse resistance profile cutting across
human, environmental and poultry micro biomes [57]. A penta-resistant profile
(SSuTCipNa) was observed in S. Kentucky from human, environmental and poultry
samples with a deca-resistant profile, ACKSSuSxTAmcCipNa in poultry [57, 58].
Salmonella Phages ES18, PDT17, DT104, DT120 and other P22-like prophages like
ST104 or PDT17 haboured within DT104 have been proven to be participatory in
the transduction and co-transduction of genes for ACSSuT resistance phenotype
[33], making S. Kentucky ST198 a luxurious menu for the transduction of these
genes complemented by other factors that may helps in phage-mediated trans-
duction of ARGs between serovars of Salmonella and other enterobacteriaceae.
Several conjugative plasmids have also been detected in S. Kentucky ST198; IncA/C
conjugative plasmids have been isolated in S. Kentucky ST198 that contain up to 10
ARGs for more than five classes of antibiotics. The most common ARGs carried by
IncA/C are strAB (aminoglycosides), sul2 (sulfonamides), tetAR (tetracycline),
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blaCMY-2 (B-lactams), floR (chloramphenicols) and blaCTX-M-25 (cephalosporin).
Other genes for resistance to aminoglycosides, tetracyclines, trimethoprim, chlor-
amphenicols, and have also been identified [49, 62-64]. S. Kentucky ST198 also
contains an IncF plasmid [65]. IncF plasmids can carry multiple types of replicon
associated genes, such as FIA, FII, or FIB [66]. IncF plasmids have been observed
to contain ARGs, exhibiting resistance to fluoroquinolone [67], they have also
been associated with strAB, tetA, tetC, tetD, aphA (aminoglycosides), and sul2
(sulphonamides) resistance [68, 69]. Another plasmid of importance carried by

S. Kentucky ST198 is the IncHI plasmid and has been associated with gnr genes
(fluoroquinolones) and ESBL genes [70]. The integration of one of more of these
conjugative plasmids that may be in close proximity to P22-like prophages would
facilitate their packaging into the core of the assembling phage during induction
from its host, thus contributing to the spread of antibiotic resistance between
generic and non-generic bacteria in the intestinal flora of livestock and human and
in the environment causing foodborne illnesses and outbreaks. Although the mode
of acquisition of Plasmids ARGSs in Salmonella may seem random, their prolifera-
tion in a population is usually not random. Consequently, surveillance is a necessary
tool, not just for Salmonella and other important human and animal pathogens,
but for the plasmids they carry. Therefore, the tracking of plasmids and the genes
they carry would allow for a better understanding of co-selection of ARGs and the
associations of plasmids with Salmonella serotypes [71]. Finally since Salmonellae
phages can bind to several protein receptors in Salmonellae and other members of
the enterobacteriaceae family thereby permitting cross-serovar and inter-specie
transduction of ARGs [43], it has become necessary that measures or protocols
that can hinder such developments be adopted in order to forestall the spread of
Salmonellae associated foodborne outbreaks.

8. Conclusion

The renewed and profound interest in phage therapy as a non-antibiotic mea-
sure for combating MDR strains of Salmonellae is a testament to their efficacy,
but clearly Salmonella Kentucky ST198 posse’s virulent factors that can potentiate
phage-mediated cross-serovar transduction and co-transduction of ARGs and
MDR determinants, therefore investigative laboratory protocol should therefore be
sought to identify these determinants prior to the institution of phages in the treat-
ment of non-repressive salmonellosis.
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