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Abstract

Antimicrobials or antibiotics are one of the most fruitful forms of therapy against pathogenic microbial
infection however their broad and frequently indiscriminate use resulted in a widespread antimicrobial
resistance that has caused a significant threat to public health and environmental security. Therefore,
implementation of a substitute but potent effective ways to kill pathogenic bacteria and reduce the
environmental risks are urgently needed. As a unique century-old natural remedies, bacteriophage
(phage) therapy has a high efficiency in detecting and killing pathogenic microorganism in numerous
environmental or ecological systems. Phages are the viruses which usually target and cause lysis of
bacteria naturally without any antagonistic effect on human or animal bodies. For this reason, many
scientists across the world have proposed that they can be used, alone or together with typical antibiotics,
to treat pathological conditions. The increasing risk of antimicrobial resistance has revived the interest on
Phage therapy. The main motive of this article is to provide a brief but comprehensive review of all
aspects of natural phage therapy to counter the antibiotic resistance on a global scale.
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Introduction

Antimicrobial resistance (AMR) is a global, growing and major public health problem which
threating to life of both human and animals. With the increasing of the world economy in the
last 2-3 decades, a cumulative amount of antibiotics has been unconstrained into the
environment along with the waste from households, industries, agricultures, animal husbandry
sectors and medical activities such as hospitals or pharmaceutics etc. (Chen et al., 2016; Fang
et al., 2018; Garner et al., 2019; Jiao et al., 2018) [*2 2. 261, This has resulted in the selection
and spread of antibiotic-resistance genes/bacteria in the surrounding environment, which
threatens the efficacy and potency of antibiotic in battling bacterial infections (Burch et al.,
2017; Chen et al., 2018; Couch et al., 2019; Liu et al., 2019) [ 1% 16 41 The World Health
Organization, on its 1st global report on resistance of antibiotics, has highlighted the threat of
an approaching post anti-microbial era, in which many common infections will no longer have
a cure (Cohen, 1992) %1, The Centre for Disease Control (CDC) estimates that at least 23000
casualties per anum in the United States are an outcome of infection by drug resistant bacteria
(Jernigan et al., 2020) 2, On the other hand, pharmaceutical companies are showing a less
interest of developing and manufacturing novel antimicrobial agents, the reason behind is
antibacterial market being less gainful than other pharmaceutical products (Projan, 2003) [531,
Considering the condition, the possibility of developing chemo-therapeutic agents that are
substitute to antimicrobials possibly will be of great aid in the fight against resistance to
antibiotics. The complications in the treatment of many lethal bacterial infections have led
scientists to review phages as therapeutic agent. Bacteriophages and bacteriophage-based
products have the potential to become one of the most successful replacements to combat
antibiotic resistance (Czaplewski et al., 2016) /), Phages are the viruses that attack only a
single bacterial strain or species/strains. This specificity together with the Killing capacity
makes them the natural enemies of bacteria without any negative effect on human or animal
cells (Dewangan et al., 2017; Lyon, 2017) [*8 421 For this cause, it is supposed that phage can
be used, alone or in together with antibiotics, to treat pathogenic bacterial infections
(Domingo-Calap et al., 2016) %, Several retrospective studies on use of Bacteriophages in
vitro, in laboratory animals as well as in humans have been conducted in both the USA and
Europe.
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The novel interest in phages is exemplified by their wide use
as medicinal and biological control purposes in agriculture
and related fields of food production and animal husbandry
etc. in many European countries.

Bacteriophage

Bacteriophages are very small viruses of about 20-200 nm in
size, are probably the most ancient and ubiquitous existing
viruses on biosphere (keen, 2015) [, As they are
omnipresent in the environment including soil, water, air, and
the intestines of humans and other animals, (Simmonds and
Aiewsakun, 2018; Yu et al., 2016) [ %I and can be isolated
for therapeutic purposes from any environmental source, in
which the target pathogen is likely to be presented, with
sewage probably being the richest source of bacteriophage
(Weber-Dabrowska et al., 2016) 4. They mostly infect their
host bacterium in a species or even strain specific manner.
The structures of bacteriophages are relatively simple and
composed of mostly proteins (60%) that encapsulate a
specific genome (40%) which is either DNA or RNA but
never both (Williamson et al., 2017) %%, They have been
categorized according to their morphological characters,
nucleic acid content, the site of predilection, and the
specificity of bacterial species they attack. On the basis of
their morphology and genomic nucleic acid phages can be
classified into Siphoviridae (with long, non-contractile tails),
Podoviridae (short, stubbed tails), Myoviridae (with long,
contractile tails), and Filamentous phages (International
Committee on Taxonomy of Viruses, ICTV). As depicted in
Fig. 1, a typical phage structure is consisting of a
capsid(head), filled with DNA, long tails with a collar or
neck, a base plate with short spikes and tail fibres
(Adriaenssens and Brister, 2017; Tolstoy et al., 2018) [ 58],
Most of the phages genome have double-stranded DNA
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(dsDNA) while a small proportion has single-stranded DNA
(ssDNA), double-stranded RNA (dsRNA), or single-stranded
RNA (ssRNA) (Aiewsakun et al., 2018) [3 561, On the basis of
mode of replication whether or not their DNA genome is
integrated into the bacterial genome, phages can also be
classified into lytic or virulent phages and lysogenic or
temperate phages (Bao et al., 2018; Hobbs and Abedon, 2016)
(5. 281 Their replication cycle implies adhesion to and invasion
of the bacterial surface. However, to initiate attachment,
structures of phage have to match with the receptor present in
strain-specific variants of bacteria. Once the Phage enters the
bacterial, the host cell synthetic machinery is redirected to the
production of new phage genome and viral proteins. Finally,
assembly and packing of virus particle occurs, and host are
lysed with the release of new phage virions that can infect
another host cell bacterium (Young, 2013) 8. Most of the
virulent phages use two kinds of proteins to lyse their host
bacterial cell, the holins and the endolysins. The holins are
utilized for the puncture of the bacterial cell membrane and
work as a synergistic tool for the endolysins, which are
accountable for the lysis of the bacterial cell wall (Cisek et
al., 2017) [, In temperate phages, the other type, have a
different life cycle and infect their respective bacteria by
initiating a lysogenic cycle, where the phage particle remains
as dormant (prophage) state, replicates along with its host but
occasionally excise from host chromosome and bursts into a
virulent cycle under a specific trigger (e.g., ultraviolet, high
temperature, ionizing radiation, antibiotics, or heavy metals)
(Kutter and Sulakvelidze, 2004) B9.Lysogeny and dormant
phage can be beneficial to host as they can encode genes for
antimicrobial resistance or other factors for virulence (Lin et
al., 2017) 0, For that cause, only virulent phages should be
used for the purpose of phage therapy (Kim and Bae, 2018;
Wang et al., 2018) 3761,
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Fig 1: Structural representation of a typical phage (Ye et al., 2019) [67]

History

In the year 1896, Ernest Hanbury Hankin reported one factor
within the waters of the Ganges and Yamuna rivers in India
which could pass via a very fine ceramic filter. He prompts
that this was accountable for decreasing the spread of cholera
epidemics of India. Hankin published his observations in the

annals of the Institute Pasteur in 1896 — which was the first
primary proof of the presence of bacteriophages like virus in
water and having antibacterial activities. In 1915, Frederick
W. Twort, a UK physician, was the forerunner to explain the
potential presence of an “ultra-microscopic virion” that would
lysis bacteria. He came to this statement after meeting
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difficulties with his vaccine preparations with contaminating
bacteria. Twort observed “glassy and transparent” spots
within the colonies of the contaminating microbes, which
appeared to be zones of dead bacteria. He gave some
attainable clarifications for this phenomenon, together with
the chance of the presence of a microscopic virus, but he was
unable to confirm his hypothesis (Twort, 1915) 9. In 1915,
The Lancet published an article written by Frederick Twort
about ‘‘the transmissible bacterial lyses’. It was the first
publication on bacteriophages. (The Lancet, Jan.10th, 1914,
pp.101). After 2 year in 1917, Felix d’Herelle, a French-
Canadian scientist, observed a same phenomenon in faecal
cultures of patients improving from bacillary dysentery.
Unlike Twort, d’Herelle was convinced that the cause of
bacterial death was the existence of an “invisible microbe”, an
ultra-microscopic virus which he called bacteriophage
(d'Hérelle, 2007) 191, After the discovery of bacteriophages,
the idea of phage therapy was taken with enthusiasm and was
implemented in many cases, but its application subsequently
subsided after the discovery of antibiotics and their use in the
second World War, flourishing only behind the “curtain”
(Abedon et al., 2011) ™,

Phage therapy

Phage therapy is that the therapeutic use of whole
bacteriophages or their product so as to treat numerous
pathogenic bacterial infections in human beings or animals
(Pires et al., 2017; Sun et al., 2019) 52571, Phage therapy has
a protracted history, yet there are a lot of problems associated
with its clinical application. At the early-stage phage therapy
was applied to cure human bacterial infections like
pneumonia, urinary tract, septicaemia during 1940s; it was
then overlooked by the people following discovery of
antibiotics (Kot, 2018) 8. However, the phage therapy came
back again to researchers’ visualizations due to counter-
increasing antibiotic resistance within the last decade, that not
solely energized the implementation of phage therapy for the
clinical use, but additionally simplified its application to
control pathogenic bacterial infection in natural environments
(Dou et al., 2018) 21,

Advantage

Hypothetically, there aren’t any bacterium that can’t be killed
by at least one bacteriophage (Kakasis and Panitsa, 2019) 34,
As bacteriophage has a very fine range of effect, that
overcome the most important disadvantage associated with
antibiotic treatment, i.e., the impact on whole microbiome
with elimination of beneficial microbes (Domingo-Calap et
al., 2016) 2. Moreover, after inactivation of the host
pathogens, once the host microbes reduce, the bacteriophage
count conjointly declines, that equilibrates the microbial
stability and diversity (Paez-Espino et al., 2016; Watts, 2017)
[49, 63]

In divergence to conventional antibiotics, phages are
supposed to have some other benefits. It is assumed that
phages are pointedly safer and better tolerated, as they
multiply only in the target host but can’t infect human or
animal cells. Furthermore, administration is much easy, as
bacteriophages don’t require frequent administrations just
after one another over several days (Bogovazova et al., 1991)
[, On the other hand, very limited doses are needed because
of the upsurge in phages concentration in the infection site
after the first administration.
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Animal model study
Numerous animal studies have given promising outcomes of
phage therapy in the clinical trials of infections with these

pathogens.

= Watanabe et al. (2007) 2 demonstrated that phage
therapy induced significant  protection  against
Pseudomonas aeruginosa of gut-derived sepsis in a
mouse model.

*  Fukuda et al. (2012) 3 revealed the high efficacy in
Pseudomonas aeruginosa elimination after phage eye-
drop administration in a murine model of Pseudomonas
keratitis.

= Hua et al. (2018) 1 demonstrated that intranasal
administration of bacteriophages protected neutropenic
mice from lethal carbapenem-resistant Acinetobacter
baumannii lung infection.

= Hung et al. (2011) B9 reported that bacteriophages, orally
or intraperitoneally administered, protect mice from death
and reduce liver damage in an intragastric model of
Klebsiella pneumoniae infection, meanwhile Wang et al.
(2006) [ figure out that intranasal phage treatment of
Klebsiella pneumoniae lung infection in a murine model
increased survival in a dose-dependent manner and
reduced the bacterial burden in the infected mouse lungs.

= A fresh study of Escherichia coli pneumonia in a mouse
model, conducted by Dufour et al. (2015) ?2 revealed
100% survival rate of phage treated mice and pointed out
a phage effectiveness which was similar to the antibiotic
ceftriaxone with regard to the survival rate and bacterial
load of the lungs.

= Bacteriophage therapy has confirmed satisfactory
efficiency in murine bacteraemia models of vancomycin-
resistant Enterococcus faecalis (Cheng et al., 2017) 1
and vancomycin-resistant Enterococcus faecium (Biswas
et al., 2002) [,

Studies in human model

There are some reports on successful bacteriophage therapy in

humans. Advantageous effects of phage therapy of localized

infections in burns, wounds and trophic ulcers were stated

during and after the Second World War in various part of

Europe (Morozova et al., 2018) 461,

= Indicatively, two recent case reports, one concerning a
patient with Pseudomonas aeruginosa aortic graft
infection and the other concerning a patient with
Pseudomonas aeruginosa septicaemia, demonstrated a
favourable outcome after bacteriophage therapy. (Chan et
al., 2018) [0

= Positive results were shown in several studies that used
bacteriophages in patients with infected ulcers. patients
with diabetic foot ulcers infected by S. aureus strains
benefited from the administration of the Staphylococcus
phage Sb-1 (Jault et al., 2019) B4 even when
bacteriophage administration therapy was the only
antimicrobial treatment (Rhoads et al., 2009; Fish et al.,
2018) 4241,

= The potential effectiveness of bacteriophage therapy
could be of great use especially in patients with chronic
multi-drug resistant infections. Certainly, the most highly
anticipated results are those of the Phagoburn project,
which aims to evaluate the efficacy of phage therapy
preparations against Escherichia coli and Pseudomonas
aeruginosa in burn victims (phagoburn project).
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Phage derived proteins and engineered phages

Apart from their utilization as whole phage therapy, the
potential of phage applications in the fight against bacterial
host can be expanded in many directions. As stated above,
phages use their proteins called lysins or endolysins to
hydrolyse and damage the bacterial cell wall components.
These endolysins can be utilized as antibacterial, particularly
against gram-positive bacteria, because the gram-negative
bacteria having an outer membrane which protects the
endolysin-susceptible peptidoglycan layer (Nelson et al.,
2012) ¥ In order to improve the efficacy of endolysins
against gram-negative bacteria, several studies have suggested
explanations that selection of endolysins that have a natural
tendency to destroy gram-negative bacteria by disordering the
outer membrane, the combination of lysins with other agents
that can destabilize the outer membrane or the genetic
engineering of the endolysins (Oliveira et al., 2018; Pires et
al., 2016) 4851,

Problems and Limitations of phage therapy

In the last century, since the encounter of bacteriophages,

phage therapy has shown cheerful success levels, while some

phage therapy studies had been proven unsuccessful. The key

factors for this disappointment mainly consist in the

unsuitable phage selection, preparation and storage.

= Identification of a therapeutic phages is very complex.
However, before a phage is considered as a potential
antibacterial agent, it has to be established that it is
specific for a given bacterial spp. (Mattila et al., 2015).

= For clinical implementation of a phages, stabilization
strategies should be optimized for each phage separately
(Merabishvili et al., 2013).

= Emergence of bacterial resistance against phages is
potentially possible, as bacteria have or can develop some
mechanisms to prevent viral infections e.g., change or
loss of receptor, hiding, secretion of substances etc.
(Seed, 2015).

= Lysogenic phages incorporate their genome into the
bacterial chromosome. Subsequently, they might be
vehicles for horizontal exchange of genetic material and
play a role in the diffusion of antibiotic resistance genes
(Brabban et al., 2005; Maiques et al., 2007) 31,

= Bacteriophages and their products are non-self-antigens,
and they can be recognized by the host immune system
and induce responses that can diminish the benefit of
phage therapy. (Kazmierczak et al., 2014).

Conclusion

Multidrug-resistant bacteria have opened a second window
for phage therapy. Use of bacteriophages to overcome the risk
of increasing antimicrobial is attractive, and some research
publications shown that it might be a rational measure. But
present knowledge is insufficient to continue the use of
phages for therapeutic purpose. Till date, properly
premeditated clinical trials to evaluate bacteriophage efficacy
are very less. Moreover, the problem of how to prepare the
designs for standardized and clinical use in bacterial control,
how to avoid or limit the risk of emergence of bacterial
resistance and the transmission of genetic material are yet to
be solved. Still a hope that, with the help of new generation
technologies combined with careful scientific applications
bacteriophages can be one of the most powerful options for
treatment of bacterial infections in human and animals as well
as a potent weapon to combat antimicrobial resistance.
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