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Abstract

For centuries, mankind is dealing with deadly infectious diseases. Broad-spectrum antibiotics are commonly used against
these bacterial infections. However, due to the excessive use of antibiotics, several bacteria have developed resistance
against these therapies. Many advanced methods are being developed to overcome this issue, wherein bacteriophage
therapy is included at the top of the list. Bacteriophages are “bacteria-eating viruses”, have more sensitivity, specificity,
host range, and efficacy than antibiotics, and are now being used as an antibiotic replacer in different food items,
guarding pregnancy, treating surgical wounds, and protecting aquaculture. Bacteriophages are currently being
synthesized and commercialized in all three; solid, liquid, gas forms. Due to continuous mutation in bacterial genomics,
different modifications are being applied, like crisper and endolysin that increase the efficiency of bacteriophages and
decrease the survival probability of the bacteria to its minimal level. The current text will elaborate on the recent
advancements and applications of bacteriophage therapy in eliminating bacterial infections, especially in the food and
aquaculture industry, and due to its increased therapeutic applications, considered to be a strong candidate to prove its
true potential.
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The General Concept of Phage Therapy

Antibiotics resistance constitutes a worse
global health problem due to the over-use of antibiotics,
horizontal gene transfer, and ultimate bacterial
evolution. The discovery of bacteriophage that seemed
to "eat bacteria® is usually attributed to Twort and
d’Herelle in the early twentieth century [1]. Phage
therapy accomplishes the natural predator-prey
interaction between phage and its target bacteria and
involves a purified cocktail to be administered to the
patient directly and only lytic phage replicates
exponentially within the bacteria after an immediate
infection that is significant for therapy due to reduced
transduction potential [2]. Additionally, bacteriophages
can only replicate at the infection sites, which minimize
allergic reactions, but antibiotics can spread throughout
the body and ignore the site of infection. Lastly,
bacteriophages are environmentally friendly and

primarily based on natural selection and identify
bacteria quickly compared to the new antibiotic, which
may take several years and costly clinical trials [3].
Bacteriophage therapy has continued to be developed
inside the former Soviet Union and Eastern countries,
where inexpensive medical usage indicates their safety.
However, reviews on their use have been restricted
typically to observational studies [4]. Potential
limitations of phage therapy are: (i) high specificity and
narrow host range means that a single phage type
cannot be used to treat the diversity of bacterial
pathogens, (ii) even sometimes a phage cocktail is
being required to treat a single bacterial pathogen, (iii)
bacterial pathogens may acquire resistance against
phages by changing their phage receptor, (iv) and until
now, the human immune response to phages are not
well understood or may cause the unwanted response
[5]. The vast abundance and diversity of phages could
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make it a selective treatment instead of antibiotics for
various purposes, including antibacterial therapy and
decontamination, disease diagnosis, and control.
Moreover, phage typing has been used in medical
laboratories to identify the species and subtypes of
bacteria like salmonella and bacillus [5]. The phage
therapy has low toxicity and ease of production than
antibiotics; since an antibiotic; acquired different
mechanisms to counter bacterial defense, including
extracellular bio-film production. Recent animal and
human trials consider it significantly well-tolerated and
hence are to be regarded as safe agents with a bright
future as an alternative to chemical mediators [6]. In
view of our current understanding of phage biology and
their increased applications as therapeutic agents, phage
therapy is considered to stand at a substantial level to
prove its true potential.

History of phage therapy

Before the development of antibiotics, humans
were considered a much suffered from infectious
diseases and the discovery of antimicrobials in the 20"
century was considered a scientific revolution that
significantly reduced the number of fatal cases. So, the
frame has been labeled “antibiotic generation,” and this
type of therapy was the most successful chemotherapy
in the field of medical history [7]. Due to this cause,
new and alternate therapeutics must be considered,
hence avoiding future mass affliction and health losses
[8]. The discovery of bacteriophage and its potential
uses aroused accidentally at the same time as an
antibiotic [9]. In 1896, the British bacteriologist Ernest
Hankin mentioned antibacterial activity against Vibrio
cholera found in, India's Ganga, Jamna rivers, and two
years later, Gamaleya, the Russian bacteriologist, found
a comparable phenomenon while working with Bacillus
subtilis [3]. From 1898 to 1918, others had similar
observations of what is thought to be the bacteriophage
phenomenon [3]. Bacteriophages were observed
independently by Twort in London in 1915 and
d’Herelle in Paris in 1917 [10]. Twort defined the
“glassy transformation” of his micrococcal colonies add
his definition. After he made his discovery, d’Herelle
started to investigate infectious diseases in animals
using bacteriophages [11]. Remarkably, bacteriophages
from d’Herelle authentic start-up corporation remained
commercially available to French physicians until 1978.
Phage therapy persisted in being had and used clinically
in France until the early 1990s [12]. In 1923, two
physicians from Baylor University’s college of drugs
demonstrated the consequences of one of their phage
remedy trials in the US, wherein they concluded that the
bacteriophage holds enormous opportunities as a brand
new fighter against infectious diseases [13]. However,
bacteriophage treatment becomes a foreign and
controversial subject, so antibiotics have become the
popular alternate choice as it is less complicated
challenging to produce than testing and finding the
therapeutic bacteriophage of interest [14]. Different

considerations encompass bacteriophage phenotype,
mode of infection, host specificity, and a wide range of
hosts that make them better for infections than
antibiotics (Figure-1) [15].

Phage attaches to host

Phage DNA cell and injects DNA.

(double-stranded)

Bacterial
chromosome

2} Phage DNA circularizes and enters

Iytic cycle or lysogenic cycle. < J:S‘
Cp.va
Gy
| O N

OR

@ Phage DNA integrates within
the bacterial chromosome by
recombination becoming
aprophage.

A8y ( ¢ )
EIB P 2"/’" \

Cell lyses, releasing Lysogenic bacterium
phage virions reproduces normally.

@ Occasionally, the prophage may exise
from the bacterial chromosome by
another recombination event,
initiating a lyctic cycle.

Fig-1: Bacteriophage life cycle phases (lytic and
lysogenic phases)

@ Newphage DNAand proteins
are synthosized and assembled
into virions.

Applications in the food industry

Every day people use food products derived
from plants and animal sources. Instead of adopting
many hygienic measures, people are continuously
suffering from different illnesses due to microbial
populations transmitted through food. According to the
world health organization (WHO), almost 1.8 million
people died due to diarrheal diseases worldwide in
2005. In the USA alone, 3000 death was reported due to
high microbial load in food [16]. Due to these microbes,
usually, almost 25% of food products are lost annually
[17]. Even due to advanced and modern technology, the
reduction of microbial load in food is still a challenge
throughout the globe [18]. Some most effective
methods of reducing the microbial load include using
biocides, disinfectants and adopting extreme hygienic
measures [19]. From production until its consumption,
food passes through different stages where chances of
contamination are very high at each step, and due to
over-use of disinfectants, microbes are now resistant to
these preservatives. Primary food-borne pathogens
affecting humankind include Salmonella, Clostridium
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perfringes, Listeria monocytogenes, Campylobacter,
and Vibrio species. However, people usually dislike
using these chemical preservatives in food products due
to their adverse side effects [20]. Antibiotics can be
used against these microorganisms, but these drugs are
banned in food products. An alternative to antibiotics is
the bacteriophages, and these are bacteria-eating viruses
having lyses activity and can destroy the specific
bacterial host [21]. So, bacteriophages have been
indicated as a competitive tool against these
microorganisms since these phages cause no damage to
human cells [22]. In the following paragraphs, we
summarize some applications of bacteriophages in the
food industry.

Campylobacter in the foodstuff

One of the most common food-borne
pathogens is Campylobacter, which causes enteric
disease [23]. This genus consists of 17 species [24], but
concerning humans, C. jejuni and C. coli are the most
common [25, 26]. This disease arises from eating
infected poultry meat and its products [27, 28]. In the
UK, 80% of poultry birds harbor Campylobacter as a
part of their normal intestinal flora, which is higher in
European countries [29, 30]. Usually, these organisms
present at a concentration of 7 log® CFU g®in
poultry's caecum[31, 32]. Various approaches have
been proposed, like increasing bio-security level to
decrease the load of these pathogens, but it becomes
quite expensive as even if only one bird is infected with
these microbes, the whole of the poultry shed will be
affected [33]. The development of antibiotic-resistant
Campylobacter prompted bacteriophage therapy for the
control  of these  organisms[10,34,35].  The
bacteriophages that act against Campylobacter are
double-stranded DNA, tailed with icosahedra heads and
family members myoviridae. According to reports from
the Russian federation, bacteriophages may belong to
siphoviridae and podoviridae families [36]. Previously,
lysogenic and temperate bacteriophages were described
in C. featus. After the availability of genomic sequence
data of several strains of C. jejuni, it is now clear that
prophages are present in some stains; RM1221 (mu-like
sequence) has been identified [37]. Campylobacter
bacteriophages have been obtained from their specific
hosts like feces of pigs, cattle, and sheep [38-40],
slaughterhouses, sewerage water, and excreta of
chicken and poultry meat [41-43]. In an initial
experiment, bacteriophages with average head sizes of
100 nm and a genome size of 138 Kb were given at a
concentration of 3 log;(CFUg ™" was given, they reduce
C.jejuni in the caecal contents after 48 hours as
compared to non-treated chicken [32]. After many
experiments, it was reported that the optimum dose rate
for effective therapy is 7 logyg PFU, any higher or lower
dose than this will be less effective [32]. This less
efficacy of bacteriophage at a higher dose could be due
to that at a higher dose, and bacteriophages aggregate

and show non-specific associations with non-infectious
bacteria [44].

E. coli O157:H7 in foodstuff

The toxin produced by E. coli is Shiga toxin
(O157:H7) that, even at a low dose, cause renal failure
and hemolytic uremic syndrome [45, 46]. Usually,
humans are taken-up by eating contaminated, partially
cooked beef meat and drinking fresh juices [47, 48].
Meat pieces, when treated with Phage FAHEcl
(10" PFU/mI) at 5°C and 37°C, a reduction in microbial
load was seen as 4 and 2-3 log, respectively [49]. To
boost up the action of bacteriophages, phage cocktail
DT1 and DT6 were prepared to observed a reduction in
the microbial load by 6.3 logs. Treating with phage
cocktail and DT6 at 24c for 6 hours showed that
cocktail action of bacteriophages (2.58 log reduction)
was more prominent than the use of alone DT6 (0.78
log reduction) [50]. Further tests were performed to
check the efficiency of alone and bacteriophage
cocktails on milk samples. These tests indicated that the
phage cocktail's action is more efficient than the
bacteriophage alone [51]. For phage applications to E.
coli O157:H7 in food, phage should be stable under
various stress conditions, including temperature, pH,
water activity, and salt stress. Interestingly, under
osmotic pressure, phage e4/1c showed better activity
than phage el1l/2 against E. coli O157:H7 [52]. For
confirmation, further experiments with eight different
virulent phages were performed, showing that >94% of
the tested strains of E. coli O157:H7 had an inhibited
growth rate indicating bacteriophages' efficiency [51].

Salmonella in the foodstuff

Non-typhoid salmonellosis is caused by
salmonella (S. enterica, S. typhimurium) having
symptoms like diarrhea, fever, and gastric ulcers [48].
Mostly animal-based food products have been affected
by this disease [53]. Although various natural and
chemical preservatives were being used to preserve,
food products, controlling this problem in food products
is quite difficult [54]. Therefore, phages have been an
important  alternative  method  for  controlling
salmonellosis in food products [55]. FO1 and E2
bacteriophages were used to treat salmonella in food
products like hot dogs, sliced turkey breast, and mixed
sea-food. It was observed that a low dose of
bacteriophage (3 x 10® PFU/g of each food sample) was
given to contaminated cooked food and stored at 8°C
for 6 days [56]. Furthermore, the skin samples infected
with S.enteritidis were tested using a broad range phage
wksl3 (107 PFU/ml), resulting in a 2.5 log reduction in
the bacterial count [57]. A genomic study of this phage
showed that the bacteriophage does not have any
deteriorating food elements. Hence it is safe to use in
food items in human trials. Even at a high dose rate
administered to infected mice, no abnormal changes or
side effects were seen by bacteriophage therapy [57].To
increase the efficiency against salmonella, a cocktail of
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bacteriophages was prepared, and it was showed that
cocktail phage activity (4 log reduction) was much
better than a single bacteriophage (2 -3 log reduction)
[58]. After another series of experiments, a phage
cocktail having three (UAB_Phi20, UAB_Phi78, and
UAB_Phi87) and four phages (Felix01, phiSH19,
phiSH17, and phiSH18) were prepared to have
excellent efficiency against salmonella [59-61].

Listeria monocytogenes in the foodstuff

Another food-borne disease is listeriosis
caused by Listeria monocytogenes, highly adapted to
cold conditions and often found in cooked food
products placed in refrigerators [62]. However, it is not
very common, but it is perilous, with a fatality rate of
about 45% [63]. For the treatment of this infection,
phage A511 was used to treat both liquid and solid food
products. To reduce the microbial load in liquid
products below the detectable limit after 6 days at 6°C,
similarly, in solid food products, a reduction of 5 logs
was observed [64]. In another experiment, A511 phage
showed host lytic activity by reducing the microbial
load to 2.5 logs [65]. After FDA approval, different
phage products were prepared, including listex P100, to
evaluate their effects on cheese. This treatment
performed exceptionally well by reducing the load to
3.5log, and high replication of microbial growth was
utterly eradicated by using this phage at a concentration
of >10% [66]. Animal research confirmed that this
bacteriophage Listex P100 had no toxic effects and is
highly safe for animals [66]. Further studies showed
that despite high specificity, bacteriophages' activity
depends upon the type of food items;e.qg., the cocktail of
phages (LM103 and LMP-102) showed 2 to 4.6 log
reduction in honeydew melon but showed the least
action in apple slices [67].

Staphylococcus aureus in the foodstuff

S. aureus is also a primary foodborne pathogen
that is heat stable and produces toxins that are
responsible for food poisoning, including nausea,
vomiting, stomach pain, and diarrhea [68]. Moreover,
due to the development of an antibiotic-resistant strain
of Staphylococcus aureus, there was a demand to
replace the antibiotic therapy [68, 69]. However, S.
aureus phage can limit S. aureus, but it only works in
milk after heat treatment [69]. This is because heat
liable immunoglobulins inhibit the adhesion of phages
to raw milk. However, a cocktail of two bacteriophages
IPLA35 and IPLA8S, reduced the growth of S. aureus
on curd cheese by a concentration of 3.83 and 4.64,
respectively [70]. Despite bacteriophage's effectiveness,
it had no effects on cheese quality like starter strain and
chemical properties of cheese [70]. Two cocktail phages
TEAM/P68/LH1-MUT and phi812/44AHJD/phi2) were
applied on cheese curd that reduced the microbial
growth to 10° CFU/g without any decrease in the titer of
bacteriophage itself and with no release of any entero-
toxins from S. aureus [71].

Application of bacteriophage in aquaculture

Aquaculture cultures have oceanic inhabitants
and provide suitable mating and confinement conditions
by delivering nutrients and medication to enhance their
production like finfish, shellfish, and aquatic plants
[72]. It becomes a significant problem caused by
microbial diseases that gradually responsible for
economic loss [73, 74]. Although the administration of
antibiotics is the easiest and low-cost solution for
bacterial infections, studies show that this approach has
restricted success by developing multi-resistant
bacteria, swapping of micro-organisms and eco-friendly
impacts, and public health impacts [75, 76]. Hence, it is
required to trace new approaches to overcome and
control  microbial  diseases  in  aquaculture.
Bacteriophages were approved as new alternative
remedies to prevent microbial infections from replacing
the antibiotics and antiseptics and controlling the spread
of multi-resistant bacteria in aquaculture. Phages are
peculiar killers of pathogens as attractive agents for
preventing  bacterial infections in  fish like
Aeromonassalmonicida, A. hydrophila, Edwardsiella
tarda, and Yersinia ruckeri [77].

Lactococcus garvieae in aquaculture

Lactococcus garvieae, earlier known as the
Enterococcus seriolicida and Streptococcus responsible
for lactococcosis in yellowtail (Seriola quinqueradiata)
and other fish. It is a facultative anaerobic, Gram-
positive immoveable bacterium [78, 79]. It was derived
from contaminated fish and belonged to the
Siphoviridae family known as PLgY. The effects of this
phage were studied in young yellowtail fish by the
administration of the phage via 3 routes; oral,
intraperitoneal (i.p.), and intubation by the anal route.
After the i.p. injection of 10"° PFU of phage
accompanied by i.p. injection with 10%” CFU of L.
garvieae, it shows 90% positive results compared to the
control group without any phage treatment. The most
beneficial treatment of Lactococcus treatment was oral
administration of phages in yellowtail fish. It is now
considered a useful therapeutic and prophylaxis
treatment [80].

Streptococcus iniae in aquaculture

Streptococcus iniae is a Gram-positive,
zoonotic, and beta-hemolytic bacterium that causes
streptococcosis in fish. When fish was administered
with phage therapy by i.p. injection it reduces the
mortality rate in fish as compared to those groups which
are untreated and showed 100% mortality. During the
experiment, the fish that died in the group of phage
therapy were analyzed, and it was found that they
consist of phage-resistant S. iniae that shows that
further studies are required to promote the effects of
phage therapy [81].
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Pseudomonas aeruginosain aquaculture

Pseudomonas aeruginosa is a Gram-negative,
rod-shaped, and motile bacteria present in an aquatic
environment and responsible for ulcerative lesions in
freshwater cat-fish (Clarias gariepinus). A lytic phage
was isolated from the sewage and was sequenced, and it
shows a 99% similarity with Pseudomonas phage PT2
and 98% similarity with Pseudomonas phage phiKMV.
It was used to cure ulcerative lesions by swabbing at the
surface of cat-fish [82]. The size of lesions was reduced
in phage-treated fish after 8-10 days and was considered
an effective therapy against P.aeruginosa [82].

Recent advancements in bacteriophage therapy
Phage pathogenic host array

Phage having high specificity for their host by
medical means as phage doesn’t cause any harm to the
healthy microflora of the human body [83]. There are
two types of bacteriophages; (i) Broad range spectrum
(ii) Narrow range spectrum. Broad range bacteriophage
can bind to multiple receptor sites on the host cell
surface (polyvalent phages), while narrow range can
bind to only specific receptor sites (monovalent
phages). Narrow range phage can be converted into a
broad range phage by a point mutation in the receptor
binding proteins present at the phages. Similarly, broad
host range phage can also be limited to a narrow
spectrum by mutating receptor binding protein (RBPS)
[84].

Enhancing bacteriophage ability as advanced
therapeutics

Phage therapy is one of the most convenient
methods for the treatment of antibiotic-resistant
bacteria. The stability of the drug is much more critical
before its therapeutic application. The drug should be
stable at room temperature, when stable once it gets
inside the body, and become stable before it reaches its
target site, and then perform its proper function
effectively [83]. Protein-based drugs are more
susceptible to denaturation due to high temperature,
organic solvents, high pH, and ionic deactivation.
Phages also encounter external factors like mechanical
force due to encapsulation or formulation that include
shear forces during agitation and spraying force of
atomization [85]. Since there is a decrease in phage titer
and stability during this therapy, to enhance the stability
of titer and increase the shelf life of these drugs, there is
a need to focus on formulation methods [86].

Spray drying

The spray drying process is used for the liquid
phase phages to convert into powdered form for a
smooth inhalation for the treatment of infection in the
respiratory tract. It can also be used in wound
formulation, bandages, and the form of pills. By using
trehalose and leucine, the phage belongs to the family
of myovirideae in a spray-dried form [87].

Phage in the form of microcrystals

There are organic solvents like glycine
trehalose or BSA (bovine serum albumin) to prepare
spihoviridae microcrystals. There is up to 3 to 4 log titer
units decrease shown by microcrystals and stored for
one month in ambient environments. This form is
mostly used in the form of inhalant to treat respiratory
disorders [86, 88].

Encapsulation of phage

Another way to overcome this barrier is to use
the encapsulation of phage within liposomes that results
in an extended period of stay in the caecum of chicken
and hence reduce the number of bacteria in the gut [89].
The number of bacteria in blood, liver, spleen, lymph
nodes, and feces was significantly reduced along with
the level of cytokines in serum by phage treatment in
mice. Compared to the oral route, intra-peritoneal and
intra-venous  administrations have shown quite
improved results [85].

Bacteriophage enhancement

Modification of specific phages is made
possible by the presence of genome sequences in the
database available for public use, for research purposes
in developing phage structural components, and for
explaining the relationship between host bacteria and
phages [90].

CRISPR-Cas-Mediated Genome Engineering

Clustered  regularly interspaced  short
palindromic repeats (CRISPR) along with cas
(CRISPR-associated) genes in bacteria and archaea
form an adjustable/adaptive immune system, which
protects the host cell from foreign DNA, for instance,
the genome of phage [91]. In 2014, the first phage
genome was edited by the CRISPR-CAS system to
select mutant T7 phage, which carried a deletion of
gene 1.7 that is considered a non-essential gene [92].
For the elimination of phage from the recombinants,
CRISPR-Cas was used as a tool for screening. Plasmid-
mediated type 1 CRISPR Cas system was projected at
gene 1.7 to cleaved and eliminated. WT phage
T7mutant phage having no gene 1.7 shows resistance
against Cas9 complex, and it propagates without any
effect on it [92]. Streptococcus thermophiles,
Streptococcus pyogenes, and listeria monocytogenes
were used to make a unique platform for the
engineering of their respective phages [92].

Endolysins; an evolution to phage therapy

Besides implementing the entire bacteriophage
as a substitute for typical antibiotics, there has been a
contemporary advancement in utilizing the phages and
phage-acquired products, explicitly endolysins as
antimicrobial agents [93, 94]. These proteins frequently
comprehend enzymatic integrants that include virion-
associated peptidoglycan hydrolases, also designated as
Iytic structural proteins that destroy the bacterial cell
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wall peptidoglycans, thus enabling the penetration of
phage DNA at the origination of the infection. In the
termination of the lytic cycle, descendant virions elude
the host cell with the aid of endolysins, i.e., phage-
encoded peptidoglycan hydrolase [94]. Endolysins
integrate into the cytoplasm and reach the
peptidoglycans with the assistance of another phage
protein called holin (monomeric transmembrane
proteins) through a greatly supervised mechanism. As
Gram-positive pathogens lack a protective outer
membrane, the exogenous application of endolysins
leads to rapid and effective lysis, hence increases the
interest of endolysins as dormant therapeutic [95].

Gram Positive Cell

Differences in Gram (+) and Gram (-) endolysins
These two dominant bacterial groups to
possess different endolysins due to variations in the cell
wall composition of gram-positive and gram-negative
bacteria. Gram-positive endolysins are composed of
two definite domains, i.e., an enzymatically active
domain (EAD) and a cell-binding domain (CBD) [94].
EAD destroys bonds of bacterial peptidoglycans, and
CBD attaches the endolysin with the cell wall of
bacteria to lessen the diffusion in the cell and destroys
the surrounding cells. In comparison, Gram-negative
bacteria contain only the EAD domain and lack the
CBD domain in their structure (Figure-2) [94, 96, 97].
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Fig-2: Gram (+) and Gram (-) endolysins

Endolysins are superior to antibiotics

Endolysins also called enzybiotics enzymes to
have certain advantages over traditional antibiotics, like
instant host elimination, specific host selectivity,
protection of healthy microflora, little probability of
acquiring resistance, effectiveness against multi-drug-
resistant ~ bacteria, interdependent  with  other
antibacterial agents, and efficacious in bio-films along
with mucosal surfaces [96, 97].

Advantages of endolysins over the entire phage

The advantages of utilizing endolysins
compared to the entire bacteriophage are that it involves
the evacuation of the genome from the therapeutic,
therefore eradicating the probability of genome transfer
and mutation [93]. Moreover, there are no significant
resistance cases of endolysins that explain that they are
extremely conserved and highly specific to their
bacterial host [93, 96].

Bacteriophage therapy in human diseases

A bacteriophage is considered to be the latent
antibacterial therapeutics for the cure of several
infections in human beings. Primarily for the treatment
of acute intestinal and skin infection, the clinical
application of bacteriophages was designed. Later in the
20" century, bacteriophages are used in the USSR
surgical practice to cure post-infective complications
and purulent wounds [98]. Moreover, for clinical
application phage preparation accepted has been
produced in Poland, Georgia, Russian Federation, and

many studies on phage therapy have been documented
in these countries [2, 34, 99-101], Currently, the
outcomes of bacteriophage and phage cocktail
application for the cure of several infections have been
documented in series of clinical cases and many clinical
trials [102-104]. Notably, as mono-therapy, phage
therapy was used, whereas, for the complex treatments,
combined phage and antibiotics have been used. The
survey exposed that combined treatment compared to
antibiotics alone declined the healing time up-to 1.2-2.5
times [105]. This progressive effect was possibly due to
the immune status of the patient. Bacteriophage impacts
the regenerative processes in the wound and damages
the biofilm [106-108]. Hence, it was concluded that to
avoid the complications of an infected wound, a single
application of bacteriophage is not sufficient [109]. In
cancer patients, for the cure of post-operative wounds,
phage therapy was used for fast cleaning of the wounds
from granulation, accumulation of purulent masses, and
healing the wounds without any deformed scar
compared to the cancer patient that was treated only
with antibiotics. Additionally, phage therapy could cure
burns and avoid sepsis [110-112]. In other studies, it
was found that in the complex therapy
(phage+antibiotic), bacteriophage application provides
n excellent clinical dynamics as compared to antibiotics
used in the patients infected with burns [113]. In phage
therapy, the phage preparation dose is significantly
essential, and the therapeutic level must be higher than
106 pfu/ml. In most cases, a high concentrated phage
preparation is used, but BS24 phage is applied even at a
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low-level of 103pfu/ml proved effective results [111].
Furthermore, even with the use of cocktail BFC-1 at a
high-level of 109pfu/ml, no convincing results were
observed. It was thus concluded that these preliminary
results might be due to former topical and systemic
antibiotic therapy causing an interruption in the phage
therapy or might be due to inappropriate pharmaceutical
preparation of BFC-1 [110].

CONCLUSIONS AND FURTHER STUDIES

Since now, many studies have exhibited the
therapeutic application of endolysins in tackling drug-
resistant infections. Nonetheless, few endolysins have
some restrictions, i.e., less in-vivo half-life and the
formation of inflammatory cytokines and neutralizing
antibodies. Moreover, since endolysins have not been
analyzed in animal models; hence, it limits their clinical
application. Future proposals like protein engineering,
development in their delivery systems, and targeted
delivery to the infection site are the current needs [96,
97]. The results of phage therapy depend on the number
and titer of phage applied, convenience and sensitivity
of bacterial host of phage, route of phage
administration, and the duration of treatment. In short,
these bactericidal agents have low inherent toxicity,
minimal disruption for the normal flora of the body,
reduced potential to induce the resistance, limit the
cross-resistance with antibiotics and have preparation
and application versatility.
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