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Abstract Bacteriophages are unique organisms with diverse genomic orientation
and enriched with beneficial characteristics. Phage therapy was initially employed
nearly a century ago, though it was undermined and neglected after the efficacious
insertion of antibiotics. The therapeutic use of bacteriophages is undeniably the
utmost explored tool and best suited to be part of the multidimensional strategies to
fight against antibiotic resistance. Now, the pipeline for new antibiotics is almost dry
with the upsurge of antibiotic resistance. So the forgotten cure is resurfacing with a
well-deserved honor. Phage therapy primarily designates obligately lytic phages to kill
their respective bacterial hosts, while parting the human cells unharmed and
diminishing the shock on commensal bacteria that frequently result from antibiotic use.

This chapter depicts the prime points of bacteriophage genomic diversities, the
evolutionary pattern, the calamity of antibiotic resistance that validates the phage
use, their interface with the human immune system, and an evaluation within
different antibiotic therapies. By going through peer reports of human clinical trials,
this chapter will project the versatility of phage therapy. This informative writing
will also cover orthodox methods and novel tactics, such as the use of phage-
antibiotic permutations, phage-encoded enzymes, utilization of phage endurance
mechanisms, and phage ergonomics. Potential and promising recent studies from
all over the world define that the time has come to look more minutely at the
prospective of phage therapy for future practice, both by strongly supporting new
research and by scrutinizing the research already available, raising the optimism that
this century-old magical cure will be an answer to multiple problems by varied
invasive approaches.
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Abbreviations

CRISPR  Clustered regularly interspaced short palindromic repeat
DS RNA  Double-stranded RNA

FDC Follicular dendritic cells

GP Glycoprotein

ICTV International Committee on Taxonomy of Viruses
MHC Major histocompatibility complex

PRMC Phage resisting microbial cells
SS RNA  Single-stranded RNA
STIV Sulfolobus turreted icosahedral virus

5.1 Introduction

Bacteriophages are unique organisms with diverse elements in the biosphere. Since
centuries, bacteriophages are used to treat humans. Antibiotic defiance is the prime
threat to majority worldwide health issues in this current era. In each decade, a rising
number of contagions carrying high fatality rate are a matter of concern and
becoming harsher to treat in a cost-effective way. It is clearly evident from the
past that phage treatment was scientifically employed approximately an epoch ago,
but it was fetched to a cessation after the impressive application of antibiotics. Now,
in the shadow of drug resistance, bacteriophage therapy is gaining a well-deserved
resurgence. The enormous article lately published worldwide supports the concept
and pragmatism of bacteriophage healing approach. This chapter concentrates to
deliver a progressive view on bacteriophage cure, encompassing its exceptional
potential. Bacteriophages are present not only in almost all the known biomes to
human, from the gastrointestinal tract to the global ocean, but also in notable
dwellings like oceanic basement (Nigro et al. 2017) and petrified stool specimen
(Appelt et al. 2014). Phages exist as lysogens in the human gut and act as magnif-
icent modulators in the gastrointestinal environment. This behavior of phages largely
influences the physiology and metabolism of respective hosts (Kim and Bae 2018).
In this chapter, strategic facts of the biotic and evolutionary doctrines of phages,
genomic diversification in the light of metagenomics, their chemistry with the
immune architecture, orthodox methodologies, novel stratagems (including the
insertion of phage-antibiotic amalgamations), bacteriophage bioengineering, exploi-
tation of bacteriophage resistance, phage-derived enzymes, and other emerging
approaches are detailed.
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5.1.1 Ancestry of Bacteriophages

Regardless of the extensive presence on earth, phage ancestry remains a myth. Swap
of genetic elements is among the crucial mechanisms utilized by phages in the
process of evolution. Irrespective of the genetic exchanges, there is huge scarcity
of homology at the genome and amino acid level. It should be noted for most of the
bacteriophages, a finite number of virion varieties occur in nature. So a definite
question arises; whether the structural resemblances are the outcome of divergent or
convergent evolution. A divergent evolution would signify a common ancestor with
divergence beyond the noticeable homology in sequence, although they have
maintained basic confirmation of their capsid proteins. On the other hand, a conver-
gent evolution ensures about no common ancestor but rather has converged in the
separate direction to form an optimum virion structure. Although both the evolution
pathways can point to a single and very common pathway but with the accretion of
equivalent knowledge about the capsid conformational characteristics, they clearly
indicate toward divergent evolution hypothesis and, of course, from a common
ancestor. The study findings that backed the divergent evolution are as follows:
First, evidence fetched from a relation between double-stranded tailed phages,
archaeal virus HSTV-1 (Pietild et al. 2013), and herpes viruses (Baker et al. 2005).
All these virion capsids contain a common fold called HK97. These virions also
display similarity in their capsid assembly pathways (Rixon and Schmid 2014).

Tectiviridae family gives us the second evidence in the form of PRD1 phage,
where the capsid protein is structurally equivalent to the archaeal virus Sulfolobus
turreted icosahedral virus (STIV) (Khayat et al. 2005) and mammalian adenoviruses
(Benson et al. 1999). Capsid protein architecture was made up of f3-barrels. There are
four different ways to fold p-barrels, but these viruses display only one common way
of folding (Benson et al. 2004). Besides, adenoviruses and PRD1 embrace a linear
double-stranded DNA (dsDNA) genome with inverted terminal repeats. Other
viruses like phage PRDI1 (infects gram-negative host) also display structure such
as Tectiviridae, Corticoviridae, archeal, and other eukaryotic viruses (Krupovic et al.
2011).

The flag bearer for the third evidence is Cystoviridae phage phi6, which has a
resemblance with the eukaryotic Reoviridae like blue tongue virus (BTV) and
Totiviridae (El Omari et al. 2013). It was also evidenced that the inner coat protein
of double-stranded viruses is similar in confirmation (Huiskonen et al. 2000).
Besides, they also contain segmented genome enclosed within a double-layered
capsid structure.

5.1.2 Resurrection of Phage Therapy

Continuous acquirement of insolence in pathogen toward antibiotics and the unstop-
pable rise in mortality are the prime reason for the resurrection of phage cure
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approach. Resistance in pathogens become evident in the form of multidrug-resistant
(MDR), expansively drug-resistant, and certainly pan-drug-resistant (Magiorakos
et al. 2012) bacteria. The flag bearer pathogens for drug resistance are Klebsiella
pneumoniae, Pseudomonas aeruginosa, Acinetobacter baumannii, Enterococcus
faecium, and Staphylococcus aureus. Though the pathogens drew enough attention
of health researchers all over the world, the ultimate result is disappointing as there is
no answer toward pathogen. The pipeline of a newer drug production is almost dry,
resulting in the reemergence of the alternative treatment in the form of bacteriophage
treatment. Immunocompromised and patients hospitalized with surgical, burn, or
intensive care necessity are at an extremely high risk of catching multidrug-resistant
infections. So if you consider post-antibiotic epoch, even simple infections can result
in a reason of fatality (WHO 2014).

A recent study on the effect of multidrug-resistant bacteria on world economy and
human civilization reveals ten million lives will cease annually, with a flashing US
$100 trillion equivalent cost on world economy (O’Neill 2014). It is crystal clear that
the global health is in grave crisis, regardless of age or socioeconomic status in the
country (WHO 2015).

5.2 Genomic Diversity in Bacteriophages

Phages display an array of structural morphologies in their genomic versions like
double-stranded DNA (dsDNA), single-stranded DNA (ssDNA), single-stranded
RNA (ssRNA), and double-stranded RNA (dsRNA) genome phages (Table 5.1).

Despite their tiny genomic organization, bacteriophages exhibit plethora of
genomic abilities as found by viral metagenomics. The latest progresses in this
field discovered several new phages belonging to non-tailed dsDNA (Brum et al.
2013; Kauffman et al. 2018) and ssDNA (Lim et al. 2015; Roux et al. 2019) family,
and some of these bacteriophages are abundantly present in biomes.

In detail, metagenomic study additionally disclosed that genetic archeology of
these phages. Remarkably, the sequencing data showed no such homology with
reference to phage genomes, which proved the genome-level variety of phages
(Paez-Espino et al. 2016; Gregory et al. 2019). Among the discovered phages,
most of them contain dsDNA and a prominent tail (Ackermann 2007). The most
common structural versions of bacteriophage are tailed phages rather than non-tailed
phages. Bacteriophage classification was signified by viral archeology, target choice,
and genome type (ssDNA, ssRNA, dsDNA, or dsRNA). In 2018, International
Committee on Taxonomy of Viruses (ICTV) diversified bacteriophages into 5 fam-
ilies, 26 subfamilies, 363 genera, and 1320 species (https://talk.ictvonline.org/
taxonomy/p/taxonomy_releases). Considering the evolution of genome-based tech-
niques, it is expected that the list of bacteriophages will significantly increase in the
future (Adriaenssens and Brister 2017).
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Table 5.1 Genome- and morphology-based classification of bacteriophages

Genome Morphological characteristics Family Example
ssDNA *Non-tailed Microviridae PhiX174
e[cosahedral capsids
*Small circular genome
*Non-tailed Inoviridae M13
*Filamentous capsid
*Circular supercoiled

dsDNA *Long contractile tail Myoviridae T4
*Jcosahedral capsid
*Long noncontractile tail Siphoviridae Lambda
e[cosahedral capsid
*Short noncontractile tail Podoviridae T7
eIcosahedral capsid
*Long contractile tail Ackermannviridae AG3
eJcosahedral capsid
*Long contractile tail Herelleviridae SPO1
e[cosahedral capsid
*Non-tailed Corticoviridae PM2

Circular genome

*Capsid with internal lipidic membrane
*Non-tailed Tectiviridae AP50
*Linear dsDNA genome

*Capsid with internal lipidic membrane
*Non-tailed Plasmaviridae MVL2
*Circular dsDNA genome
*Lipidic envelope with no capsid
ssSRNA *Non-tailed Leviviridae MS2
*Linear genome

e[cosahedral and geometrical capsids
dsRNA *Non-tailed Cystoviridae Phi6
*Tri-segmented genome
*Spherical capsid

5.2.1 Genome Size

Bacteriophage exhibits a varied range of genome lengths. Recently, megaphages
were reported with the largest genome size of >540 kb. These phages were demon-
strated to be resident of the human and animal gut and projected to infect Prevotella
species as explored in a viral metagenomic study (Devoto et al. 2019). These
megaphages are widespread as evident in baboons, pigs, and humans. Large genome
size definitely helps these organisms in carrying genes accountable for replication
and nucleotide metabolism, which are absent in small genome phages. Till date, the
lowest phage genome to be known is Leuconostoc phage L5 (2435 bp). Certainly,
L5 phages do have evolutionary advantage and disadvantages over the large-sized
megaphages.
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5.2.2 Role of Metagenomics in Bacteriophage

Genomic diversity of bacteriophages is hard to grasp, as phages do not contain a
similar genetic indicator. Here comes the rescuer, viral metagenomics, which talks
beyond the necessity of culture-based techniques and the dependence on marker
genes. Metagenomics deals with the whole viral nucleic acid isolated from various
environments. Metagenomic study helped to get the first human gut virome from a
hale and hearty individual in 2003 (Breitbart et al. 2003). Phage infectivity toward a
wide array of host cell makes the situation more complex as they bear minute or no
sequence resemblance. Even a single host infecting distinct phages can exhibit
significant sequence differences (Hatfull 2008; Krupovic et al. 2011). The use of
statistical method like pairwise evaluation for genetic distance and gene content
against 2333 phages displayed no homology for almost 97% cases. Besides, until
now, metagenomics gave us 90 viromes from aquatic environments, 8 from soil, and
38 from the human gut. Furthermore, several studies that dealt with ulcerative colitis
patient (Zuo et al. 2019), twins (Reyes et al. 2010), and healthy adults (Minot et al.
2011; Manrique et al. 2016) displayed interpersonal viral scenario in between health
and ailments. The utmost modern discovery by metagenomics is the supreme
abundance and widely distributed phage in the human gastrointestinal loci as
crAssphage (Dutilh et al. 2014).

5.2.3 Single-Stranded DNA Phages

The most prominent family of these phages are Microviridae and the best discovered
member is phiX174 (5386 bp) (McKenna et al. 1992). Microviridae family was
widely ignored, until 258 new ssDNA phages were revealed in the gut environment
of Ciona robusta (marine invertebrate). These phage groups contain small icosahe-
dral capsid (26 nm) with B-barrel structure. Two subfamilies are enlisted under this
group, named as Bullavirinae and Gokushovirinae. These two families are structur-
ally quite different as Bullavirinae have pentameric major spike protein complexes at
the end of each capsid apogee. In this occasion, Gokushovirinae “mushroom-like”
protrusions can be observed that extend along the icosahedral axes of the capsid
(Chipman et al. 1998).

Now, Inoviridae family also represents ssDNA genome. The virions in this family
contain circular supercoiled ssDNA packed within a long filament, comprised of
major capsid protein (MCP) (Ackermann 2012). The MCPs in the filamentous
structure are structured uniquely along the genome of the bacteriophages. The
MCPs constitute of a-helix with N-terminal signal peptide. This signal peptide
helps this virus to translocate the membrane barrier (Xu et al. 2019). Recently,
mining of Inoviridae phage family genome explored 10,295 Inovirus-like sequences.
Among the vast diversified species network, only 5964 distinct species found were
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identified. This study strongly defines a hundredfold allocation of variety than
previously described (57 genomes) within the Inoviridae family (Roux et al. 2019).

5.2.4 Double-Stranded DNA Phages

The most abundant and widely characterized phages contain double-stranded DNA
(dsDNA) genome. These phages belong to Caudovirales order. This order can be
further divided into five families: Myoviridae, Siphoviridae, Podoviridae,
Ackermannviridae, and Herelleviridae. Together, an extensive variation in the
capsid dimension can be witnessed among the members in this order. Capsid
diameter arrays from 45 to 185 nm and perfectly corroborates with the genome
size (Hua et al. 2017). The capsid proteins in these phages contain HK97 fold (Duda
and Teschke 2019). The HK97 fold was first identified from phage HK97 through
X-ray crystallography. The tail of the virions linked to the capsid by a connector
complex comprised of portal protein coupled to connector proteins. Several struc-
tural studies have discovered that the portal complex is a dodecameric ring with an
equivalent overall structure, though they have a low sequence resemblance (Lebedev
et al. 2007). The glycoprotein 4 (gp4) (head to tail connector) protein of Podoviridae
P22 has an equivalent structure to those present in siphophages SPP1 and HK97.

Myoviridae and Podoviridae exemplify 17% and 12% of the entire bacterio-
phages, respectively. Metagenomic studies from the Antarctic soil explored that
the dsDNA tailed phages were dominant, and the occurrence in Myoviridae and
Siphoviridae was inversely correlated (Adriaenssens and Brister 2017).
Herelleviridae and Ackermannviridae are the furthermost fresh addition to
Caudovirales order. It is evident that >85% of the bacteriophage genomes belong
to Caudovirales order in the genome database. It has been perceived these two
families are the utmost homogeneous family in view of genome analysis, which
characterizes as Ackermannviridae (Myoviridae morphology with tail spikes at the
base of the tail; e.g., AG3) and Siphoviridae (long noncontractile tail; e.g., phage
lambda). Though Herelleviridae is an officially defined family, it reflects similar
morphological pattern as Myoviridae.

In the case of non-tailed phages, we describe three families: First, Corticoviridae
(circular dsSDNA genome) family members enclosed within the capsid constituted of
lipidic membrane (internal) enclosed by MCPs (e.g., PM2). Second, Tectiviridae
(linear dsDNA genome) has an internal lipidic membrane inside an icosahedral
capsid (e.g., PRD1). A signature feature of these two-phage family members is
their specialized trimeric form of major capsid protein (MCP), comprised of a double
B-barrel sheet structure. Structural analysis of PRD1 phage and their main capsid
protein displays N-terminal a-helix formation. It can interact directly with the inner
phage membrane and shares exclusive confirmational homology with adenovirus
MCP (Benson et al. 1999). Besides, icosahedral apices of PRD1 phage and PM2
exceedingly corroborate structurally to N-terminal domain adenoviruses (that infect
all human) (Abrescia et al. 2008). In this context, it should be noted that phage PRD1
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do not contain a tail to transport its genome into its gram-negative host, but its
membrane can perform as a proteo-lipidic tube, which can also pierce host envelopes
(Peralta et al. 2013). Most pleomorphic phages belong to Plasmaviridae family, and
it contains double-stranded circular DNA genome, which is surrounded by an
envelope but without any capsid structure (e.g., MVL2).

5.2.5 Single-Stranded RNA Phages

Single-stranded RNA phages represent the group of Leviviridae. They are known to
be the simplest known positive (+) sense single-stranded RNA. These genomes
signify a size of 3.5-4.4 kilobases. Leviviridae, a sSRNA genome (e.g., MS2, R17)
bearing phage have capsids with icosahedral and spherical geometry, with a span of
30 nm. The virions of these family encode mostly four proteins such as MCP,
replicase, maturation, and lysis proteins. Curiously, MS2 was the first sSSRNA virion
whose whole genome sequence was decoded. These virions are made of MCP and an
RNA-interacting protein of the replicase-encoding gene (Valegard et al. 1990). The
most auspicious use of ssSRNA phages is in vaccine development, which is a boon for
human civilization.

5.2.6 Double-Stranded RNA Phages

Cystoviridae is the family that represents the dsSRNA bacteriophages. These phages
display an exclusive confirmational upgradation in the form of tri-segmented
genome enclosed within a spherical capsid (e.g., phi6). These phages armored
with three-layered structural integrity, two-layered inner capsid, and an exterior
lipid membrane (Vidaver et al. 1973). The genome of Cystoviridae members
transcribed into three segments: large (L), medium (M), and small (S). These three
segments behave as an independent polycistronic mRNA and believed to be trans-
lated into 12 proteins with the help of host machinery.

5.3 Bacteriophages as a Therapeutic Agent

Some stringent features of bacteriophages like lytic in nature, target pathogen
specific, cidal activity, and removal of bacterial endotoxins enhance the refinement
of bacteriophages as a therapeutic agent. Besides, knowledge of phage-specific
receptors on the host cells is technically essential for resisting phage resisting
microbial cells (PRMCs). This knowledge will also guide the future strategy on
using combination therapies.



5 Phage Therapy: Genomics to Applications and Future Prospects 117

As we know, bacteriophages signify two modes: lytic and lysogenic. From the
point of treatment, lytic phages are the prime choice over the lysogenic phages as
they can hamper the bactericidal activity, by inducing a prompt rise in
homoimmunity and also by lysogenic conversion effect. Phage receptors present
on the cell walls, capsules, pilli, and flagella (Bertozzi Silva et al. 2016) invite gram-
positive (species or strain specific) or gram-negative (species or strain specific)
phages. Attachment of bacteriophages to its highly specific receptors acts as lock
and key mechanism. The receptor conformation can guide the phages against a
widespread range of potential host. A growing knowledge of host receptors stimu-
lates the research in host—phage interactions.

5.3.1 Why Bacteriophage Remedy Is Superior than
Antibiotics

Phage therapy is undoubtedly a multidimensional, dynamic, and multidisciplinary
option against rising resistance (Table 5.2). Whereas antibiotics are chemical com-
pounds targeted against particular physiological process in bacterial cell, collateral
damage is the common consequence of antibiotic treatment. Antibiotic treatment
generally interrupts the microbiome of the host, in the form of antibiotic-associated
diarrhea, metabolic or immunologic disorders, etc. (Langdon et al. 2016; Perepanova
et al. 2020).

Bacteriophages are extremely precise to target, and this feature can sometimes act
as a disadvantage (Table 5.3), as phages need precise etiological agent, occasionally

Table 5.2 Pros of phage therapy compared to antibiotics

SI. No. | Pros

1 Ubiquity: Naturally copious

2 Specificity of action: It does not affect the normal microflora

3 Higher safety: No effect in normal mammalian cells.

4 Reproduction in exponential rate: Helps to formulate lower dosage

5 Self-limiting: Once the host is lysed, phages will automatically cease to work

6 Evolution: If resistance against phages develop, phages adapt alongside bacteria to
counter the resistance

7 Higher tolerability: The immune system tolerates the phages in a better way than the
antibiotics

8 Administration does not always require neutralized pH environment

9 Site-directed effect: Fire and forget approach as it is limited to the site of infection

10 Biofilm lysis: Very effective against biofilm inactivation

11 Less expensive: Simple purification and abundance of technology for low-cost formu-
lation of phage therapy

12 Remarkable benefits after genetic engineering
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Table 5.3 Cons of phage therapy compared to antibiotics

S1. No. | Cons

1 Narrow spectrum action: Causative organism must be identified sometimes to the strain
level

2 Stimulation of phage-neutralizing antibodies inside the humans is an issue to be
resolved in the clinical level

3 The number of successful and scientifically designed clinical studies on humans is very
small

4 Unlike antibiotics, there is a lack of explicit regulatory and legal authorities regarding

intellectual property rights

to the strain level, and this methodology is resource and time consuming (Caliendo
et al. 2013).

Target specificity also gives phages upper hand over the antibiotics as they don’t
disturb the microbiome. It has been explored that early commencement of phage
therapy can significantly reduce pathogen count (Jaiswal et al. 2013; Chhibber et al.
2008). Altogether, it is evident that collection of new phages should be in pipeline in
a constant manner. Not only isolation but well-defined strain-level portrayal of
bacteriophages should be refined to use it as potential phage candidate. These
potential phage candidates should have short latency period, large burst size, and
expansive host range (Nilsson 2014; Whittard et al. 2021). A current study in
Australia validated safety and efficacy of a good manufacturing procedure where a
three-phage cocktail inoculated intravenously to 13 patients with hostile S. aureus
infections (Petrovic Fabijan et al. 2020).

The role of the immune system is crucial against these dual therapeutic tech-
niques. The most lethal side effects of antibiotics are stimulation of hypersensitivity
and mostly IgE-mediated anaphylaxis (Legendre et al. 2014). Relatively, there is no
such documented occurrence of anaphylaxis with phage cure in humans (Sarker
et al. 2012; Speck and Smithyman 2016). It should be noted that the human
evidence-based study with bacteriophage remedy is small. It is to be noted that the
immune system counterparts both the healing approaches.

Lytic phages are killers of their target, and still, they are not able to eradicate all
the pathogen on their own. A well-known argument for the above statement is that
eradication of host will result in cessation of the virus as well. That is why
bacteriophages activate dynamic strategy as “kill the survivor,” (Campbell 1961;
Maslov and Sneppen 2017) where host abundance is rapidly reduced to an assured
extent that the immune system can take over the clearance protocol. The immune
system assists the phages in clearing the pathogen, which can be an immunophage
synergy (Roach et al. 2017). So these findings establish the theory that bacterio-
phages elicit both innate and acquired immune system. In view of all the valid points
between phage therapy and antibiotics, there are some similarities as well
(Table 5.4).
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Table 5.4 Similarities between phage and antibiotic therapy compared to antibiotics

S1. No. Shared characteristics

1 Effectivity very much influenced by the immune system

2 The development of resistance is a common phenomenon in both the cases

3 Initiation of treatment and the time interval highly regulate both the therapies
4 Therapeutic approaches can be utilized by several routes of administration

5.3.2 Antiphage Mechanism of Bacterial Host

Bacteriophages are not immune against resistance like antibiotics. Lytic phages
employ an intense antimicrobial selective pressure, which generates rapid phage-
resistant bacterial mutant. One of the first mechanisms employed by pathogens are
(a) mutation in the phage receptors in the host so that phages are inhibited against
and adsorption and superinfection step; (b) restriction modification system that is
another strategy where host genome is kept protected, but the phage genome remains
vulnerable by the target restriction enzymes; and (c) besides, clustered regularly
interspaced short palindromic repeat (CRISPR)—Cas (Labrie et al. 2010) tactic where
host cell keeps memory of the previously confronted foreign DNA and degrade
again if it enters. Altogether, these mechanisms can be termed as prokaryotic
immune system. In 2018, Doron et al. explored in research that beyond 45,000
bacterial and archaeal genomes have new antiphage mechanisms that are yet to be
established.

5.3.3 Phages and the Human System

It is proved that phages in the human gut encode a population of hypervariable (large
sequence variation) proteins (Minot et al. 2012). Most of these hypervariable pro-
teins possess C-type lectin fold, and some of them displayed immunoglobulin (Ig)-
like domains (Medhekar and Miller 2007). Interestingly, this fold was previously
reported from Bordetella phage BPP-1 tail fibers. Ig-like domains are displayed in
many structural proteins of phages (Fraser et al. 2006, 2007). In vitro growth
conditions recommended that these Ig-like proteins aid in the attachment of their
target prey under environmental conditions (McMahon et al. 2005; Fraser et al.
2007).

Phages are capable of crossing the mucosal barrier at a concentration where it can
bypass and intermingle with the cellular epithelium. In vitro research findings using
cell lines support the theory that phages can enter and cross epithelial cell layers by
non-specific transcytosis mechanism, from apical to basal direction (Nguyen et al.
2017). Bacteriophage transcytosis phenomenon occurs across different types of
epithelial cell (e.g., gut, lung, brain, liver, and kidney cells). This phenomenon
works for diverse phage types and morphologies (e.g., Myoviridae, Siphoviridae,
and Podoviridae). Critical experiments on transcytosis explored that merely 10% of
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the entire phages endocytosed through the epithelial cells, which found to be
localized within the membrane-bound vesicles. These phage particles travel through
the Golgi apparatus, before being exocytosed as functional units in the basal layer.
This transcytosis process across epithelial layers certifies the manifestation of phages
in the human system even in the nonappearance of disease or pathogen (Nguyen
et al. 2017).

Phages are qualified of directly interacting with mammalian cells, as discovered
by Bloch in 1940. This study validates the attachment of phages to cancer tissue,
which primes the tumor inhibition. Later, it was reestablished that phage can not only
bind to cancer cells in vitro and in vivo but also are quite capable of attaching
lymphocyte plasma membrane (Wenger et al. 1978; Dabrowska et al. 2014). Several
studies started to understand the molecular basis phage—mammalian interaction. In
2003, Gorski et al. hypothesized that cross talk happens due to the existence of a
tripeptide motif Lys-Gly-Asp (KGD). This motif found to be present on T4 capsid
protein gp24 and verified to be acting as ligand for the f3 integrins on cells. In this
framework, a significant study has to mentioned where phage capsid protein motif
(WDC-2, containing a TRTKLPRLHLQS peptide motif) was modified. This amend-
ment resulted in potential tumor-specific phages with 93% success rate (Eriksson
et al. 2009).

5.3.4 Bacteriophage Interaction with the Immune System

The human body interacts with several viruses each second. A majority of the
microorganisms settle first at body surfaces (intestine, skin, and respiratory tract)
that are open to welcome microbes. Studies from the last decade explored that
microflora of human beings also inducts viruses (White et al. 2012), especially
bacteriophages. Metagenomic studies have discovered the hidden world of phages
inside the human system (Minot et al. 2011).

It will be fascinating to discuss whether phage—host dynamic relation of the
human intestine could significantly modify the composition of the normal flora
and influence on the spread of pathogenic viruses (Duerkop and Hooper 2013).
Niche occupation by phage and limiting pathogen colonization and resource use is
the signature effect of host immunity. Few viruses target mammalian cells, but
phages donate to the mainstream of the viral community (Cadwell 2015).

As we know, phages are daily commuters of the human body, but questions
persist over the safety and immunogenicity regarding phage therapy (Cooper et al.
2016). It is evident now that bacteriophages have not only antibacterial properties
but also a part of mucus layers and even migrate through the cell layers (Nguyen
etal. 2017). When these phages interact with individual immune system, they induce
both innate and adaptive immune responses (Van Belleghem et al. 2017; Majewska
et al. 2015; Miernikiewicz et al. 2013; Hodyra-Stefaniak et al. 2015). No doubt
bacteriophages adhere or attack nontarget tissues or cells to some point (Table 5.3).
During portal entry, some phages are taken up by the gastrointestinal tract into the
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blood. This phenomenon ascertains phage to epithelium transition and reticuloen-
dothelial system (Merril 2008; Goérski et al. 2006).

In 2012, Gorski et al. discovered that purified phages show anti-inflammatory
activities via the suppression of reactive oxygen species (ROS) and also NF-kB
inhibition. Phages also affect the macrophage-mediated cytokine production (Van
Belleghem et al. 2017). The immunomodulating effect of phages in the blood has
been suggested by different studies of Gorski et al. (2012, 2017). Besides, inhibition
of inflammation caused by bacterial infections was also proved. A recent study
explored that the immunomodulating effect of bacteriophages was regulated at the
transcription level from monocyte-related immunity genes (Van Belleghem et al.
2017).

5.3.5 How Does the Immune System Work Against
Bacteriophages?

5.3.5.1 Phagocytic Response

Mononuclear phagocytic cells were the prime members of innate immune system.
Simultaneous inoculation of phage, together with host bacteria, undoubtedly stim-
ulates bacterial phagocytosis, and this effect is ensured by certain opsonization of
bacterial cells by phages. Besides, it was observed that phages stay functional and
virulent to their host bacteria even after ingestion by granulocytes (Kaur et al. 2014).
Therefore, some authors also endorsed that phages can be operative in lysing the
phagocytosed bacteria, catalyzing the activity of phagocytic cells (Gérski et al.
2012). It was speculated that phages might inhibit the platelet and T cell adhesion
to fibrinogen (Kurzepa et al. 2009) and thus strengthens the critical role of bacterio-
phages in transplant rejection, metastasis, and angiogenesis. These phagocytic cells
can effectively remove these viruses from the circulatory systems (Navarro and
Muniesa 2017; Gorski et al. 2012). Several antigenic combinations can perform as
pathogen-associated molecular patterns (PAMPs), and in this case, phage nucleic
acid can act as potential PAMP. These PAMPs are recognizable by cognate, toll-like
receptors (TLRs) or TLR9 (responsible for recognition of DNA). Inside the cell,
phage nucleic acid is unprotected and vulnerable to cellular defenses. Further,
experiments on A phage revealed phagocytic cells rapidly remove A phage from
the circulatory system in humans (Merril et al. 1973), but certain A phage mutants
can prevail for a longer period in the blood system than the wild-type version (Merril
et al. 1996).

5.3.5.2 Cytokine Response Against Phage

Bacteriophages certainly stimulate cytokine response as evident by different studies.
But most of the studies were performed with phages having bacterial endotoxins or
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proteins. A study conducted with 51 patients suffering from suppurative bacterial
illnesses (antibiotic-resistant bacterial species) of numerous organs and tissues, who
were treated with phages. Afterwards, blood sample was taken and analyzed for IL-6
and TNF-a. The authors witnessed a sharp decline in the illustration of these
cytokines after a long-term treatment (i.e., 21 days). In another experiment, mice
were remedied intraperitoneally for 5.5 h with phage T4 or capsid proteins (i.e.,
gp23, gp24, Hoc, Soc) and analyzed for cytokine expression. This experiment
displayed no such inflammatory-mediating cytokines (Miernikiewicz et al. 2013).

Another instance, where phages and antibiotics were mutually used as a treatment
measure in mice, showed that phage-cocktail-treated group had a gradual decrease in
both IL-6 and TNF-a level for 3 days (Jaiswal et al. 2014). Astonishingly, phages
also exhibit conserved anti-inflammatory properties. In a designated study, phage
specific to Pseudomonas aeruginosa and Staphylococcus aureus has been shown to
stimulate equivalent immune responses (Van Belleghem et al. 2017). Their expres-
sion levels regarding inflammatory markers like IL6, suppressor of cytokine signal-
ing 3 (SOCS3), and IL-1 receptor antagonist (IL1RN) are quite similar. The above
findings were also endorsed in murine models of xenografts (by Goérski et al. 2016)
where he described an immunosuppressive effect of phages.

5.3.5.3 Antibody Response Against Phages

It is obvious that phages do stimulate the manufacture of cognate antibodies as
observed in humans and animals (Goérski et al. 2012; Puig et al. 2001). It is the most
potent barrier in using phages as therapeutics. Shortly, after the discovery of phages,
antibodies against phages were also encountered (Jerne 1952, 1956).

One important observation regarding phages is that they don’t follow a simple
rule of stimulation. Rather, the route of inoculation from individual to individual
matters. Besides, the dose and application schedule individually also influence the
antibody response (Dabrowska et al. 2014; Lusiak-Szelachowska et al. 2014). The
antibody response stimulated against phages can be detrimental (Huff et al. 2010),
but as evident by scientific experiments, antiphage antibodies do not rule out a
favorable therapeutic practice of phages in humans (Lusiak-Szelachowska et al.
2014). It is clearly known that humoral immunity can be stimulated by inherently
occurring phages. So antiphage antibodies can be spotted in the serum of different
species (e.g., human), even before any kind of phage treatment.

Since the 1970s, bacteriophages were used comprehensively to detect and track
immune deficiencies in humans. One such example is the immunization of human
with X174 to gather detailed information about primary and secondary immuno-
deficiencies. This study elaborates no such adverse or severe antiphage antibodies in
patients where phages were found to be present in the bloodstream for a prolonged
period (Ochs et al. 1971; Rubinstein et al. 2000; Shearer et al. 2001). Earlier studies
based on T4 phage confirmed that no antibodies were stimulated in volunteers at all
(Bruttin and Briissow 2005). These findings were further supported by Dabrowska
et al. (2014), where 50 healthy (never been subjected toward phage therapy or



5 Phage Therapy: Genomics to Applications and Future Prospects 123

phage-related work) individuals were taken to observe phage T4 activity. Surpris-
ingly, they showed 82% decreased activity against phage T4, whereas positive
antiserum cases showed increased intensities of IgG antibodies against Hoc, Soc,
gp23, and gp24 proteins. The antibody response was generated mainly due to the
gp23 protein.

A study where 20 patients infected with S. aureus treated with MS1 phage
cocktail by either oral route or local inoculation showed an elevated level of IgG,
IgM, and IgA (Zaczek et al. 2016). Within them, few patients showed lower
response, whereas some showed higher antibody response levels. This can be
enlightened by several opinions. But ultimately the good news is that the presence
of antiphage antibodies did not undermine the clinical effectivity of bacteriophage
therapy.

5.3.6 Bacteriophage Pharmacokinetics

The route of administration of phages crosstalk with phage pharmacokinetics. There
are variety of proven administration routes for phages. Several studies regarding
topical (wound infection, eye infection, otitis), transectal (prostatitis), intravenous
(septicemia), transnasal (lung infection), transurinary (bladder, kidney), or oral use
of pages have been documented. It is evident when bacteriophages were directed by
topical, transnasal, transurinary, and intravenous routes, phages can candidly interact
with target pathogens and eradicate them. In contrast, when oral or transrectal routes
are utilized, the phages need to travel from the gut environment to the blood and
lymph by invading epithelial cell layers. Here, we will discuss briefly about the
recent human experiments done on humans and their consequences from the phar-
macokinetics angle.

5.3.6.1 Topical or Intranasal Applications

In Georgia, cystic fibrosis patient was treated for multidrug-resistant Achromobacter
xylosoxidans. A mixture of two phages was administered orally and via inhalation
through a nebulizer at a concentration of ~10® (plaque-forming units, pfu). This dose
was continued for twice daily for 20 days, and the dose was repeated at 1,3, 6, and
12 months. This study showed a promising result against the infection and improved
the patient clinically (Hoyle et al. 2018). In USA, Staphylococcus aureus—infected
diabetic toe ulcer patients were treated with phage Sb-1. The bacteriophages were
given to wound cavity with 0.1-0.5 ml phage suspension-soaked gauze. This
treatment dose was given once in a week up to 7 weeks, and the patients recovered
(Fish et al. 2016). In 2018, Fish et al. again successfully treated patient with digital
staphylococcal osteomyelitis in diabetic foot ulcers infected with S. aureus. The soft
tissues around the ulcer were injected with 0.7 ml once a week for 7 weeks and found
significant recovery among patients. In Georgia, a young patient with Netherton
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syndrome (a rare disease) accompanied with severe S. aureus—infected skin disorder,
treated with Sb-1 phage and other S. aureus cocktail phages. Patient limbs were
sprayed and cream treated with around 107 phages. Patients also medicated with oral
application of phages.

5.3.6.2 Intravenous Application of Therapeutic Phages

Here, phage particles were directly introduced into the bloodstream, so it doesn’t
require any translocation to the host site. The safety of this administration route was
experimentally proven by Speck and Smithyman (2016) to some extent.

In 2017, Schooley et al. did an experiment on multidrug-resistant Acinetobacter
baumannii in diabetic patients with necrotizing tissues by percutaneous drainage
catheters with phage @PC (a cocktail of phages AC4, C1P12, C2P21, and C2P24). In
addition, the above phage @IV (a cocktail of phages AB-Navyl, AB-Navy4,
ABNavy71, and AB-Navy97) was inoculated intravenously. After this treatment,
the patient recovered from coma. This treatment was continued for 59 days, and the
patients recovered with time. In 2017, patients infected by P. aeruginosa with acute
kidney damage in Belgium were treated with 50 pl BFC1 cocktail (14/1 and PNM)
and one S. aureus phage ISP. The dosage was 6 h intravenous infusion for 10 days,
and also wound was irrigated with 50 ml of the cocktail every 8 h for 10 days. This
treatment protocol resulted in a speedy recovery of the patients.

5.3.6.3 Oral and Intrarectal Administrations of Therapeutic Phages

The most challenging route of inoculation is oral and intrarectal where phages are
not capable of interacting directly with the target pathogen, as the bacteriophages
must transit from the gastrointestinal tract to the bloodstream. Though there are
different successful studies with oral or rectal administration, the exact mechanism
of bacteriophage translocation is still under the cloud. Oral administration has been
explored to be effective against systemic infections (Alisky et al. 1998; Weber-
Dabrowska et al. 2000; Gorski et al. 2006). It is highly essential to neutralize gastric
acid before administering bacteriophage through oral route as low pH in the stomach
may inactivate the bacteriophages (Alisky et al. 1998; Weber-Dabrowska et al.
2000). Jaiswal et al. in 2014 showed neutralization of gastric acid prompted the
phages to move from the stomach to the intestine and diminish the intestinal
colonization of pathogenic bacteria in an animal model. Bacteriophage translocation
from the stomach to the blood was experimentally proved in both neutropenic and
healthy models (Matsuzaki et al. 2014; Migdzybrodzki et al. 2017). Migdzybrodzki
showed that the transit of bacteriophages might highly influence the phage and
animal species or characteristics. This experiment clarifies two animals (rat and
mouse) and two bacteriophages (Escherichia coli phage T4 and S. aureus phage
A5/80) were used. The very first observation was for phage T4 and A5/80 where
these orally inoculated phages could travel from the gut to the small intestine faster if
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gastric acidity is neutralized. Second, it was detected that phage A5/80 effectively
translocates from the gut to the blood in mouse, but considering T4 phage, the
efficacy of transit was considerably lower. Interestingly, there was no translocation
for both the phages in mouse. In this setting, Bari et al. in 2017 enlightened the
possible reason behind the low-frequency translocation of T4 phage in mice. As
explained by Bari et al. 2017, the reason may be the incidence of T4 head of
immunoglobulin-like non-essential Hoc protein. In the intestine, T4 head attaches
to the mucus layer via Hoc and leaves the tail tip free. So this adherence connection
may be due to the probable missing link between lower or non-translocation of the
bacteriophage from the stomach to the bloodstream.

Administration of phages through the intrarectal pathway against human entero-
coccal prostatitis has demonstrated to be efficient (Letkiewicz et al. 2009, 2010;
Gorski et al. 2018). The transit of phages in this situation was believed to be similar
to that of the previous cases. Therapeutic phages have been used significantly in
Georgia, Russia, and Poland for many years. Phages were applied through versatile
administration routes like intravenous, oral, and transrectal routes. We have
discussed successful human clinical trials around the world that emphasizes the
effective and useful nature of phages irrespective of their method of administration,
though it should be documented that oral path of administration is specially preferred
due to its versatility. The precise mechanisms dealing with phage translocation into
the blood are still under the lens of molecular biology and cytology experiments.
Regrettably, however, there is very little evidence on the bacteriophage dynamics in
the human body. So a detailed knowledge of phage pharmacodynamics is highly
desirable to improve the suitability of bacteriophages as a perfect therapeutic agent.

5.3.7 Bacteriophage-Derived Lysins

Bacteriophage lysins are highly effective molecules, which facilitate release of its
progeny phage during its replication cycle. These enzymes are specific to the five
major bonds in peptidoglycan. It must be notable that lysins don’t have signal
sequences, other than few exceptions. This factor bars the lysins to translocate
through the cytoplasmic membrane and interact with their substrate in the peptido-
glycan layer. The intermingle of lysins with their cognate substrate is tightly
regulated by holing the lytic system (Wang et al. 2000). At a definite time during
phage replication inside the target cell, holin molecules are injected into the bacterial
cell membrane and create a patch and ultimately induce a localized membrane
disruption (Wang et al. 2003). Now, the cytoplasmic lysins that were accumulated
in the cytosol are free to interact on the peptidoglycan and cleave specific bonds.
This causes the cell to lyse immediately. Unlike large DNA phages, small RNA and
DNA phages engage a different strategy like interfering with the enzymes respon-
sible for peptidoglycan synthesis (Bernhardt et al. 2001). It is clear now that phages
evolved from several years to bear features like lysin production. Just like naturally
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occurring antibiotics in bacteria that help in combatting other organisms around
them, bacteriophages do maintain their surrounding with the help of lysins.

It was proven that some lysins (isolated from gram-positive bacteria) can kill their
targets within second of contact (Loeffler et al. 2001; Nelson et al. 2001). Such an
example is nanogram amounts of lysins that could reduce 107 Streptococcus
pyogenes by >6 log minutes after enzyme addition. This is a remarkable feature
of lysin, as no biological compounds are found to kill bacteria at such speed other
than chemicals. In 2001, Nelson et al. coined the phrase “enzybiotics” to designate
these novels highly destructive antibacterial compound. It should be noted that until
now, only two lysin-based ointments (polysporin and mupirocin) are extensively
used to control colonization of pathogenic bacteria in mucus.

5.3.8 Lysin Structure and Mechanism of Action
5.3.8.1 Gram-Positive Specific Phage Lysin

Lysins secreted by DNA phage (specific to gram-positive bacteria) ranges between
25 and 40 kDa. Only one exception was discovered in the form of PlyC lysin
(114 kDa), isolated from C1 phage of group C streptococci. A common trait of
gram-positive host-specific phages is their two-domain structure. The two domains
can be divided as catalytic domain or N-terminal domain and cell-binding domain
(CBD) or C-terminal domain.

The activity of N-terminal domain can vary widely such as attack on (1) an N-
acetylmuramoyl-L-alanine amidase (or amidase) that hydrolyzes the amide bond
linking the glycan strand and peptide moieties (Loessner 2005), (2) an endo-j-N-
acetylglucosaminidase or N-acetylmuramidase (lysozymes) that equally affects on
the glycan moiety of the wall peptidoglycan, (3) an endopeptidase that cleaves the
stem peptide moiety, or (4) a phage lysin with y-p-glutaminyl-L-lysine endopepti-
dase efficiency that has also been discovered (Pritchard et al. 2007), but these
enzymes are rare to find compared to others. It is also evident that in some bacterial
phage (some staphylococcal and streptococcal phage), two to three types of catalytic
features can be observed in a single domain (Cheng et al. 2005).

On the other hand, C-terminal or cell-binding domain (CBD) mostly targets
cellular carbohydrates in the cell wall for attachment. Cell membrane—specific
choline-binding lysins were discovered in pneumococcal phage lysin Cpl-1
(Hermoso et al. 2003). Later PlyL lysin and Ply21 lysins were discovered in Bacillus
anthracis and B. cereus phage TP21, respectively. Interestingly, these phage lysins
contain hairpin confirmation. This hairpin confirmation ensures that the catalytic
domain and CBD interact with each other. This confirmation also defines that
catalytic domain remains inactive until cell-binding domain interacts with its target
molecule in the cell wall or membrane.
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5.3.8.2 Gram-Negative Specific Phage Lysin

It is fascinating that lysin in gram-positive and gram-negative lysin behaves differ-
ently toward their target. Their characteristics are also different. Most gram-negative
lysins behave like lysozymes. Gram-negative lysins are more complex as explored
by Lood et al. (2015). He explored several lytic clones and found four distinct
domains, unlike gram-positive bacteria. The four domains are (1) a TIGR02594
domain, (2) a catalytic domain, (3) a binding domain, and a (4) lysozyme domain. In
this study, it was exclusively reported that TIGR02594 and lysozyme domain were
flanked on a single side or both sides of the lysin with short positively charged amino
acids. Thus, it helps the lysin both break the peptidoglycan with functional enzy-
matic domain and disrupt the outer membrane with charged domain, resulting in
highly effective lysis of host cell (Thandar et al. 2016). It is established that gram-
negative bacteria have lower internal turgor pressure (~3-5 atm) than their gram-
positive (~15-25 atm) siblings. So in the case of gram-negative cells, there may be
scarcity of sufficient pressure that supports the above theory.

5.3.9 Synergistic Approaches with Lysin

Several pneumococcal phage lysins were isolated, demonstrated, and categorized
into two groups: amidases and lysozymes. Interestingly, both classes of lysins
display similar C-terminal choline-binding domain but different N-terminal catalytic
domains. Like cocktail phages, in a study, it was evident that a blend of two lysins
with diverse peptidoglycan specificities was more applicable in shielding against a
disease (Loeffler and Fischetti 2003; Schmelcher et al. 2015). It should be noted that
a combination of lysins significantly enhances the effectivity of killing kinetics and
also reduces the chance of emergence for enzyme-resistant mutants.

Considering an unusual combination (lysin and antibiotics), pneumococcal lysin
Cpl-1 and gentamicin are highly effective in slaying pneumococci, while Cpl-1 and
penicillin displayed synergy against an extremely penicillin-resistant pneumococcal
variety. In another experiment, staphylococcal phage lysins and antibiotics against
methicillin-resistant Staphylococcus aureus (MRSA) also found to be effective in
in vitro and in vivo condition (Daniel et al. 2010). So it can be concluded that a
correct combination of lysin and antibiotic could not only control antibiotic-resistant
bacteria but also reestablish the use of specific antibiotics (against which resistance
already reported). The good news regarding lysin is that till now no such bacterial
resistance is reported. Experiments have been designed to comprehend the resistance
pattern of bacterial cells against lysin. A 10 pl drop of dilute lysin was dropped on a
bacterial lawn. After incubation, a clear lytic zone was formed and colonies from the
periphery of the clear zone were taken to test the resistance. But in >10 cycles of
bacterial contact to diluted concentrations of lysin in liquid media, no resistance was
found (Loeffler et al. 2001; Schuch et al. 2002). It is obvious that the lack of
resistance development is connected with the evolution of binding domain, which
may be designed to avert lysin spill during lysis phenomenon.
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5.3.10 Clinical Approach of Lysin

In 2016, Czaplewski et al. revealed in a review that diverse strategies has been
considered earlier to find best substitute against antibiotics which include bacterio-
phage lysins as therapeutics, antibodies and vaccines as prophylactics, and
probiotics as a treatment. In 2018, a company called ContraFect has used lysin
(CF-301) against S. aureus bacteremia and endocarditis in phase 2 trial worldwide.
Results of that trial against MRSA explored a 42% improvement over antibiotic
treatment. Later, follow-up studies also supported the above findings, as humans
treated with drug—lysin combination were discharged earlier and had fewer relapses
compared to drug-alone-treated patients.

As we are surrounded by multidrug-resistant gram-positive and gram-negative
pathogens, phages can be employed in indirect way to isolate and apply lysins
against them. The lysins under use or under trial are astonishingly heat stable
(up to 60 °C) and can be purified and marketed in large quantities with rapid manner.
In the future, protein engineering, domain swapping, and gene shuffling approaches
could be handy in coping up against continuously adapting bacterial pathogens.

5.4 Genetic Engineering of Bacteriophages

Bacteriophage diversity and adaptive potentials definitely make them an ideal
candidate for genome engineering. Engineered phages can be applied to different
sectors like in synthetic biology (Lemire et al. 2018), material science (Cao et al.
2016), and biomedical fields (Kilcher et al. 2018). There are several techniques to
engineer phages.

5.4.1 Homologous Recombination-Based Techniques

This phenomenon talks about the swap of sequences in between two DNA strands,
which share identical sequences. Phage cross is such a classical strategy to produce a
mutant phage with a desired phenotype by combining characteristics from two
parents (Karam and Drake 1994). Sometimes, host cells were coinfected with two
dissimilar phages, and the homologous recombination inside the host cell generates
the desired progeny with the desired phenotype. The progenies were chosen by
nominating selective markers.

Homologous recombination among the plasmid and phage genome was also
developed where plasmid containing the desired mutation flanked by homologous
sequences was commenced into the host cells, which is also coinfected with the
desired phage to be engineered (Namura et al. 2008). Though the overall rate of
frequency of recombination is very low (Tanji et al. 2004), in some cases, a high
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frequency of recombination is also observed (Oda et al. 2004). So this genetic
strategy is complicated and time consuming to find the preferred recombinants
unless there is a properly designed selection strategy.

5.4.2 Bacteriophage Recombineering of Electroporated DNA
(BRED)

This is a very popular technique based on the homologous recombination principle.
This method exploits a RecE/RecT system of Rac prophage and Red system of
lambda phage to enrich the frequency of recombination (Murphy 2012; Nafissi and
Slavcev 2014). Red system is a well-coordinated system, composed of exo (o), bet
(B), and gam (y) genes. The target of exo gene is double-stranded DNA (dsDNA) end
to transform to single-stranded DNA (ssDNA) substrate, whereas beta performs as a
ssDNA-binding protein that anneals ssDNA target and cognate recombination zone
in phage genome. Lastly, gamma works as an inhibitor of E. coli RecBCD exonu-
clease complex (designated to degrade linear dSDNA substrate).

BRED needs co-electroporation of the bacteriophage DNA and donor DNA
expressing RecE/T-like proteins into recipient cells via either plasmid or chromo-
somally inserted so that homologous recombination can be promoted in an efficient
manner (Marinelli et al. 2008, 2012; Thomason et al. 2009). It was observed earlier
that recombination occurs only after starting of bacteriophage genome replication,
and further purification of recombined phage is highly essential apart from initial
PCR screening (Marinelli et al. 2008). This technique was first employed on
mycobacteriophage and later applied to several other phages by constructing
replacements, deletions, and insertions of heterologous genes (Marinelli et al.
2012). This technique is not so useful regarding gram-negative bacteria as they
have low transformation efficiency, compared to gram-negative bacteria. So in the
case of gram-positive bacteria, instead of transforming both bacteriophage DNA and
donor DNA, bacteria that enclose phage-defined recombination system can be
transformed with donor DNA only (Pan et al. 2017). The phage mutants can then
be generated by infecting bacterial cells with wild-type phage. The main issues with
high background of wild-type phage are a matter of concern, and also, it needs
screening of recombinants.

5.4.3 CRISPR-Cas System—Based Engineering

At the dusk of the last century, a novel, highly effective immune system of pro-
karyotes was discovered. It’s a defense mechanism of prokaryotes against foreign
invasion, named as clustered regularly interspaced short palindromic repeats
(CRISPR)—Cas system. This system has two main components CRISPR RNA
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(crRNA) and Cas proteins. CRISPR—Cas system can be classified and can be further
diversified into six types. These six types can be brought under two classes (class
1 or 2) based on mechanism and phylogeny (Koonin et al. 2017). It was proved that
class 1 systems include types I, III, and IV recruit multiple Cas proteins in associ-
ation with effector complex, whereas class 2 systems (type II, V, VI) employ single
Cas protein in association with effector complexes to nick the target DNAs (Koonin
et al. 2017).

The CRISPR-Cas effector complex is target specific and binds their target
sequences intervened by the crRNA with a complementary region to the sequence
of action. Here Cas proteins cleave the DNA and generate a break into the double-
stranded DNA (Shmakov et al. 2017; Knott and Doudna 2018). It is well
documented that the CRISPR—Cas system was first applied in genome editing in
2014 to identify a phage mutant with a deletion of a non-essential gene, genel.7
(Kiro et al. 2014). This study denotes CRISPR—Cas system can be easily used as a
screening utility to eradicate wild-type phage from the recombinant population. The
plasmid relied type I CRISPR—Cas system was defined to target gene 1.7 and cleave
the wild-type T7 phage genome, whereas mutant phages lacking gene 1.7 were
protected from Cas9 complex and could propagate normally. Later in 2016, Box
et al. used type I CRISPR—Cas system of Vibrio cholerae to engineer V. cholerae
Iytic phages. In the above study, both the donor DNA and CRISPR—-Cas components
were assembled in a single plasmid. Those plasmids were then harbored by
V. cholerae; as phages attacked the cells, phage genomes were cleaved by CRISPR-
Cas but immediately repaired by homologous recombination with the donor DNA
and give rise to recombinant phages with deletion or insertion mutation (Box et al.
2016).

Streptococcus pyogenes CRISPR—Cas is the most commonly used type II system,
selected for bacteriophage genome engineering (Lemay et al. 2017; Schilling et al.
2018; Shen et al. 2018). It should be noted the first type I CRISPR—Cas system
utilized for phage genome modification belonged to Streptococcus thermophilus
(Martel and Moineau 2014). Recent works on Listeria monocytogenes also con-
firmed the existence of CRISPR-Cas system and are found useful in valuable
engineering program for Listeria bacteriophages (Hupfeld et al. 2018). Generally,
the three components Cas9, crRNA, and transactivating crRNA (tracrRNA) of
CRISPR—Cas system were attached or cloned to a single plasmid. It was interesting
to observe that crRNA and tracrRNA could be expressed either separately (Lemay
et al. 2017) or as a sole fusion RNA (Schilling et al. 2018). Due to a successful
transformation into recipient cells, the machineries form CRISPR—Cas9 complex
will specifically connect to the phage genome and craft a double-stranded DNA
break during phage genome invasion. It was also explored that Cas9 of S. pyogenes
is highly capable of cleaving T4 phage genome (highly protected from most of the
restriction endonuclease enzymes due to high levels of 5-hydroxy methylation and
glucosylation to its cytosine molecules (Tao et al. 2017, 2018b). It has to be
mentioned that sometimes cleavage potential of CRISPR—Cas9 complex on its target
crRNA (protospacer sequence) is very high, and then, only the recombinant phages
can survive. Consequently, all resultant progeny phages are recombinant mutants. If



5 Phage Therapy: Genomics to Applications and Future Prospects 131

somehow the protospacer sequence is feebly cleaved or an overburden of parental
phage was employed that time, it could lead to error-prone repair and also may result
in inclusion of random mutations in the protospacer sequence ensuing in dodging
from CRISPR-Cas cleavage. This phenomenon is occasionally reported from
equally type I and II CRISPR-Cas systems (Barrangou et al. 2007; Fineran et al.
2014).

Next, Staphylococcus epidermidis represents the type III CRISPR—Cas system.
This system allows engineering of virulent staphylococcal phages. Type III system
comprises of native endogenous CRISPR-Cas10 system but is accompanied with
the crRNA transcribed from an exogenous plasmid (Bari et al. 2017). Interestingly,
CRISPR—Cas10 system has an excellent cleavage frequency against elevated dose of
staphylococcal phage infection.

5.5 Future Prospects

Bacteriophage till now, evidenced to be a versatile candidate, can be utilized both as
prophylaxis and as therapy against an infection. Therefore, it can be applied equally
before and after bacterial infection (Debarbieux et al. 2010; Chanishvili 2016; Tao
et al. 2019).

5.5.1 Vaccines

Recent studies ventured the potential of phages in vaccine platform other than
prophylactic or therapeutic platform. Bacteriophages are natural virus that display
several properties like size, geometry, multivalent display, and ordered and repetitive
structure equivalent to a natural mammalian virus (Bachmann and Jennings 2010;
Zepp 2010). These characteristics are crucial for stimulating immune response and
guidance for vaccine design, and the only difference is that they infect bacteria
(Joniczyk-Matysiak et al. 2017). In recent past, several efforts have been employed to
enhance the use of phage in vaccine platform, such as T4 (Tao et al. 2013), MS2
(Fu and Li 2016), phages A (Nicastro et al. 2014), and others (Tissot et al. 2010).
The foundation for using phages as antigen carrier vehicles engages assimilation
of the viral antigen on phage capsid either in vivo or in vitro to form an original
virus-mimicking particle (VMP) through fusion of antigen to a virus capsid protein.
This enabled antigen to be displayed by the phages in a repetitive format, which is
crucial for innate immune system activation (Shepardson et al. 2017). For small
genome phages, fusion of antigen and capsid protein is easy to produce, in compar-
ison to multifaceted phages such as T4. Bacteriophages do contain CpG (a vital
ligand for human immune system Toll-like receptor 9), a crucial viral character, so
phages can definitely elevate the level of innate immune response (Sartorius et al.
2015). Hence, this nature of phages displaying antigens confirms itself as a highly



132 A. Jaiswal

effective self-adjuvating vaccine delivery system that is qualified of eliciting a long-
lasting immune response without any external adjuvants. Indeed, in 2013, Tao et al.
proved that antigens embedded on T4 capsid elicited a much higher immune
response associated to their soluble antigens. In another experiment, a phage QB
VMP enveloped with CpG sensitizes antigen presenting cells in a faster and better
way than a simple mixture of antigen (Gomes et al. 2017). Apart from that, it was
also explored that phage QB capsid was able to bind natural IgM due to the display
of highly ordered and repetitive format antigen. This capsid can also fix complement
component 1q and easily deploy follicular dendritic cells (FDCs). Deploying of
FDC:s is indispensable or the choice of B cell during germinal center reactions (Link
et al. 2012). Another huge advantage of phage VMPs and their display of highly
restricted epitope density in a particular zone is the facilitated presentation by both
class I and class II major histocompatibility complex (MHC). The feature of phage
display sets off both CD4+ and CD8+ T cells, helping to generate long-lasting
effective memory immune response (Tao et al. 2013, 2018a). A licensed viral
vaccine must contain vastly localized epitope density and that is widely disseminated
by bacteriophages (Cheng 2016). A promising strategy to enrich vaccine efficacy is
by aiming of antigens to immune cells (Kastenmuller et al. 2014; Macri et al. 2016).
Denderitic cells (DCs) are one of the crucial immune cells as they play the connecting
link between innate and adaptive immune system (Steinman and Banchereau 2007).
Although it is clear that some phage may have mammalian tropism, but most of them
are not. So phages can be cleverly engineered to target DCs by displaying
DC-specific targeting molecules. Sartorius et al. performed an experiment in 2015,
where phage fd was modified to display a single-chain variable fragment of antibody
against a DC-specific receptor-205 and separate group of phage also engineered to
exhibit only ovalbumin through pVIII and plIlI capsid protein. These groups were
inoculated into the mice and found phages with DC-specific receptor that generated a
higher titer of antibody compared to another group.

It must be mentioned that though phages have exclusive advantages, till now,
there is no licensed vaccine based on phage platform that has yet been commercial-
ized. Although several phage carrier—based vaccines are under clinical trial (Low
et al. 2014; Huang et al. 2017), but most of these are still constrained to basic
biological research. The reason behind this is quite clear: (a) A fair percentage of
phages are unable to display the antigen in a highly localized or dense manner as an
original mammalian viral vaccine, which is an utmost prerequisite to cultivate high
titers of antibody. (b) Several pathogens are quite enabled to mutate specific prime
amino acids in the epitopes, making vaccines constructed on one or limited epitopes,
less to none effective. (c) Bacteria and bacteriophages don’t display posttranslational
modification, so phages cannot display antigens that require posttranslational mod-
ifications. (d) Like natural protein nanoparticles, bacteriophages are also naturally
enabled to elicit immune responses (Dabrowska et al. 2014); therefore, these signif-
icantly decrease their chance of usage when multiple doses of vaccinations are
required, although this setback can be fixed, first by epitope engineering. The
epitopes that stimulate robust immune response (immunodominant epitope)
(Akram and Inman 2012) can be identified, and their expression levels can be
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reduced by phage engineering. Second, PEGylation (addition of polyethylene gly-
col) is a process that enables phages for better solubility and diminution in renal
clearance, hence increasing their bioavailability in the circulatory system (Suk et al.
2016).

5.5.2 Clinical Phage Therapy and Phage-Assisted
Approaches

Phage is the undisputed winner in the list of alternative treatments against bacterial
infection. Because phages follow “survival of the fittest policy,” they evolve with the
selection condition and overcome bacterial resistance mechanism. Restriction mod-
ification (R-M) system is employed by bacteria to destroy invading DNA, but phages
(not all phages) can integrate base modifications to keep their genome protected from
bacterial R-M system (Samson et al. 2013). But phages like T4, restructured their
genome cytosines by two alterations, first by 5-hydroxymethylation and second by
glucosylation, and this enabled T4 phages to be impervious to majority of the
restriction endonucleases of E. coli (Bryson et al. 2015). Phages can escape
CRISPR—Cas through either expressing anti-CRISPR proteins (Pawluk et al. 2018)
mutation through prime nucleotides responsible for CRISPR—Cas complex binding/
cleavage (Tao et al. 2018b). Bacteria can make themselves unreachable by modify-
ing their phage receptors, but phages can reclaim the capability of binding to their
receptor by modifying the receptor-binding protein to adapt with the evolving
bacterial population (Samson et al. 2013). Hence, co-evolution of phages parallel
to host bacteria is a never-ending process, and this phenomenon makes bacteria a
less protective form of phage therapy than antibiotics. Bacteriophage therapy also
faces issue like highly specific and narrow host range. This feature of phages
sometimes limits its use against all strain of a particular species. This limitation
can be overcome (De Jonge et al. 2019). The host range can be expanded by the help
of genetic engineering. Swapping the long tail fiber genes of T2 bacteriophage with
those from phage PPO1 swung the host of T2 from E. coli K12 to E. coli O157:H7
(Yoichi et al. 2005). Switching cognate receptor—binding protein genes between
more indistinct bacteriophages could even empower an orchestrated E. coli phage to
attack Klebsiella bacteria and vice versa (Ando et al. 2015). Various phages aiming
various strains can be sequestered from the natural environment to target multiple
strains. An excellent example will be a recent study of the “San Diego patient,” who
was infected with a multidrug-resistant A. baumannii strain and regained their health
after multiple intravenous injection of phage blends (Schooley et al. 2017).
Interestingly, phage-associated lysins, depolymerases and endolysin, can be
consumed to lyse bacteria (Maciejewska et al. 2018). Here, depolymerases are
polysaccharide-degrading enzymes, which are utilized to disintegrate capsular poly-
saccharides of pathogens, and in that way, phage gets access to cellular receptor on
the bacterial cell surface. In preliminary experiments with depolymerase of PHB02
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phage, when injected intraperitoneally, a significant surge in the persistence of mice
pre-infected with P. multocida has been observed (Chen et al. 2018). Even though
some of the phage-derived enzymes also have constricted infective capability, and
they are competent to lyse a given bacterial species other than a single strain
(Maciejewska et al. 2018).

All the above experiments do convey a message that synergistic approach of
bacteriophages can be the most promising and also an emerging way to counter
bacterial resistance in an efficient manner. As predicted, the most noticeable com-
bination is antibiotics and phages. When utilized simultaneously, phages and anti-
biotics have displayed synergistic effects and effectiveness against biofilms
(Chaudhry et al. 2017; Akturk et al. 2019), where the distinct treatments had limited
success. Some experiments showed recurring medication with phages, which aug-
mented the biofilm assembly but the mutual use of phage and antibiotics occasioned
in biofilm eradication (Henriksen et al. 2019).

Synergism in between phages and antibiotics does not work for all phage—
antibiotic blends, and a slightly increased dosage of antibiotics can effectively
antagonize phage propagation (Dickey and Perrot 2019). This is predominantly
evident when applying antibiotics that aims cellular protein synthesis (Akturk
et al. 2019). But in rare cases, even though no synergism was observed, antimicro-
bial activity is displayed, and the combined utilization of phages and antibiotics
drastically lowers or even limits the creation of antibiotic- and phage-resistant
bacteria (Coulter et al. 2014; Dickey and Perrot 2019).

Phages and enzymes can be co-administered for enhanced result against stubborn
infections, such as simultaneous use of depolymerases and phages that doesn’t
naturally express them to get better efficiency against biofilms (Gutiérrez et al.
2015). Phages may be utilized combinedly with DNAse enzymes to diminish the
DNA elements of the biofilm matrix and increase effectivity of bacteriophage
activity (Hughes et al. 2006). Besides, some distinct productive cases of commingled
phages include triclosan, chlorhexidine, chlorine (Zhang and Hu 2013), hydrogen
peroxide (Agun et al. 2018), cobalt (II) sulfate (Chhibber et al. 2013), xylitol
(Chhibber et al. 2015), probiotics (Woo and Ahn 2014), and honey (Oliveira et al.
2017).

So far, we have observed that majority of the phage-orchestrating technology
have concentrated on lytic phages, but some experiments do talk about engineering
of temperate bacteriophages for phage remedy purposes. The most confident meth-
odology talks on genetically modifying temperate bacteriophages to become utterly
virulent or lytic. This was successfully performed by deletion of the genomic
segment accountable for the regulation and instituting lysogeny (Zhang and Hu
2013; Kilcher et al. 2018). The transformation of temperate wild types to otherwise
virulent mutant phages can simply explore the miscellany of phages available for
therapeutic use. A beautiful example of this methodology can be given; a recent
study elaborated utility of cocktail phages constituted of one natural wild-type lytic
phage and two engineered temperate phages efficiently that treated a 15-year-old
patient with cystic fibrosis with a disseminated Mycobacterium abscessus infection
(Dedrick et al. 2019).
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Therefore, engineering tactics can possibly expand the antimicrobial features of
phages and produce pioneering strategies for rebellious bacterial infections. The
significances of genetic remodelling of phage genomes must be sensibly countered,
but bacteriophage engineering tactics should be sincerely considered as an
impending therapeutic alternative. Furthermore, it is noticed that engineered bacte-
riophages contain more commercial interest, as getting patent for engineered phages
is far more easy than natural phages.

5.6 Conclusion

We have already entered into the post-antibiotic era and the imminent threat of
antibiotic defiance, which requires instant action in the form of phage therapy or
phage-assisted therapy. From this chapter, it is crystal clear that phage cure is well
matched to denote itself a part of the multidimensional stratagems with versatile
administration and engineering opportunities to fight against hostile, stubborn path-
ogens. So the theory says that phage remedy needs to be commenced in our stash of
treatment approaches against multidrug-defiant pathogens, and certainly the sooner
the better. Moreover, there is no such outstanding efficient approach to clinical use of
phage remedy, and in fact, its miscellany and flexibility with the changing environ-
ment are among its utmost advantages. Although there are knowledge gaps that must
be enlightened before we can take up the practice of phage remedy on a regular basis,
this arena is like a never-ending gold mine and rapidly advancing. A better percep-
tive of bacteriophage pharmacology, genetics, and immunological interaction over
the years has also signify bacteriophages as critical therapeutic agents. In conclusion,
we analyzed that phage remedy is a rapidly evolving dynamic alternative against
antibiotics, and extensive use of phage therapy is an extremely difficult task to be
undertaken, but considering its medical, technological, societal, and economic
prospects, it is the one and only leading alternative in repertoire of treatment
strategies.
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