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Abstract: Antimicrobial resistance (AMR) is a major global concern; antibiotics and other regular
treatment methods have failed to overcome the increasing number of infectious diseases. Bacterio-
phages (phages) are viruses that specifically target/ kill bacterial hosts without affecting other hu-
man microbiome. Phage therapy provides optimism in the current global healthcare scenario with
a long history of its applications in humans that has now reached various clinical trials. Phages in
clinical trials have specific requirements of being exclusively lytic, free from toxic genes with an
enhanced host range that adds an advantage to this requisite. This review explains in detail the
various phage engineering methods and their potential applications in therapy. To make phages
more efficient, engineering has been attempted using techniques like conventional homologous re-
combination, Bacteriophage Recombineering of Electroporated DNA (BRED), clustered regularly
interspaced short palindromic repeats (CRISPR)-Cas, CRISPY-BRED/Bacteriophage Recombineer-
ing with Infectious Particles (BRIP), chemically accelerated viral evolution (CAVE), and phage ge-
nome rebooting. Phages are administered in cocktail form in combination with antibiotics, vaccines,
and purified proteins, such as endolysins. Thus, phage therapy is proving to be a better alternative
for treating life-threatening infections, with more specificity and fewer detrimental consequences.
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1. Introduction

From ancient times till date, mankind has faced serious health concerns due to sev-
eral bacterial infections, such as tuberculosis, typhoid, syphilis, diphtheria, and cholera
etc. [1]. After their discovery since 1930s, antibiotics were the only easily available treat-
ment for curing such infections and were quite effective for these prolonged illnesses;
however, this shining era of antibiotics soon started to decline with the emergence of an-
tibiotic resistance. Natural causes of antibiotic resistance include rapid mutations in the
genes involved in antibiotic transport/ metabolism, horizontal transfer of mutated genes
to other bacteria and selective pressures for the survival of these resistant bacteria due to
uncontrolled and inappropriate use of antibiotics [2]. Approximately, 4.95 million deaths
occurred due to bacterial antimicrobial resistance in 2019, with the maximum resistance
caused by Escherichia coli (E. coli). In addition, Staphylococcus aureus (S. aureus), Pseudomo-
nas aeruginosa (P. aeruginosa), Streptococcus pneumonia (S. pneumonia), Klebsiella pneumonia
(K. pneumonia), Acinetobacter baumannii (A. baumannii), Mycobacterium tuberculosis (Mtb),
Enterococcus faecalis (E. faecalis), Enterococcus faecium (E. faecium), and Streptococcus agalac-
tiae (S. agalactiae ) (group B Streptococcus) are also responsible for higher mortality rates
[3]. In 2016, the United Nations General Assembly graded the problem of AMR as the
“greatest and most urgent global risk,” aiming to search for better alternatives for treating
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deadly bacterial infections [4]. In this search, probiotics, nanobiotics, antibody-antibiotic
conjugates, vaccines, stem cell-based antimicrobial peptides, CRISPR-Cas editing machin-
ery and phage therapy are the currently most widespread options to combat AMR.
Among these, phage therapy is considered the most effective in the treatment of persistent
bacterial infections that are globally prevalent [5]. Phages are self-replicating, highly spe-
cific to their host, and quite resistant to environmental changes such as pH and tempera-
ture, making them suitable candidates for combating ongoing AMR [6].

Phage therapy utilizes phages, which are the natural predators of bacteria that hijack
their machinery to reproduce by the process commonly known as transduction. Phages
are made up of two components: nucleic acid (DNA/RNA) encapsulated in a protein cap-
sid that attaches to the bacterial surface via specific receptors, inserts their genetic material,
and completes their life cycle either by lytic cycle (release of newer phage progeny by lysis
of the bacterial cell) or by lysogenic cycle (integrating the phage genome into the bacterial
genome) [7]. Felix d’Herelle was the first person to propose the idea of using phages ther-
apeutically, with the clinical application of phages to treat four pediatric instances of bac-
terial diarrhea in 1919 at the Hopital des Enfants-Malades in Paris [8]. However, with con-
tinued efforts in the early 20th century, d'Herelle advanced phage therapy by treating
cholera, bubonic plague, and dysentery using a network of phage therapy facilities in Eu-
rope and India [9]. Phage therapy in India was first carried out in the Punjab region for
the treatment of cholera, where the mortality rate was reduced by 90% in the experimental
group compared to that in the control group [8].

Phages should possess specific characteristics that include a strict lytic lifecycle, ab-
sence of toxic genes, broader host range, good transduction and virulence potential [10].
Phages co-evolve with their bacterial hosts, hence; they possess a rich diversity of genetic
elements in their compact genomes to fight their bacterial hosts, such as tail-fibre/ spike
proteins for specific recognition of their hosts and the holin-endolysin machinery for cell
lysis. For ex. in a particular genus like Mycobacterium, pathogenic (Mtb) and non-patho-
genic (Mycobacterium smegmatis mc?155 (M.smeg)) species differ only in the composition of
the sugar moieties present in their cell wall that imparts specificity in their phage binding
[11]. In addition, phages and their respective hosts have co-evolved, also leading to the
emergence of phage resistance, limiting their antimicrobial efficiency and host range [12].
Phages isolated from the natural environment may or may not meet the criteria for suc-
cessful phage therapy hence; they require modifications for further use in phage therapy.
Therefore, to overcome these limitations, genetic engineering of phages may provide bet-
ter insight into their applications in phage therapy. Also, a rich library of diverse phages
against a bacterial host can provide a better opportunity for the production of desired
genetically engineered phages against a particular bacterial host species/ strain. Phage en-
gineering can lead to the production of host range mutants generated by tail fibre muta-
tions, exclusively lytic phages generated from lysogenic phages, phages with non-toxic
genes generated by gene-deletions and diagnostic phages generated by incorporation of
reporter genes. This review is divided into two sections; the first section explains in de-
tail the various methods that have been successfully applied for the generation of genet-
ically engineered phages and the second section explains the important applications of
the genetically engineered phages till date.

2. Methods for Phage Genetic Engineering (PGE)

The various methods that are employed in phage genome engineering for better ther-
apeutic outcomes are as follows:

2.1 Conventional homologous recombination (HR)

2.2 Bacteriophage Recombineering of Electroporated DNA (BRED)

2.3 CRISPR-CAS

2.4 CRISPY BRED and CRISPY BRIP

2.5 Chemically accelerated viral evolution (CAVE)

2.6 Rebooting of Phage Genome
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2.1. Conventional homologous recombination (HR)

The most conventional method employed for PGE is homologous recombination
(HR) of two wild-type parental phages inside the host cell. This process is also known as
phage cross, in which bacterial host cells are co-infected with wild-type parental phages
carrying different phenotypes. [13]. Although rare, once inside the host cell, the phage
genome can either opt for its own or its bacterial host recombination system. Bacterial
recombination machinery cannot carry out recombination between divergent genome se-
quences because phages with divergent genome sequences are likely to avoid the bacterial
recombination machinery and preferably precede their own genome-encoded recombina-
tion functions. There are three major superfamilies of phage recombinases, which are di-
vided into Rad51, Rad52, and Gp2.5 like proteins, among which Rad52 is the most diver-
gent and the largest family of phage recombinases [14]. Modifications of the phage ge-
nome via HR usually do not occur at a specific position, limiting the use of this method.
To overcome this shortcoming, HR between the phage genome and a plasmid carrying
the desired mutation flanked by the corresponding sequence in the phage genome is re-
quired. In this method, a plasmid containing the desired mutation is first transformed
into the host bacterium, followed by infection of the phage genome to be modified and
mutants with insertions, deletions, or gene replacement can be generated [15]. The recom-
bination frequency for some phages was approximately 5 x 103, which was much higher
than that of the conventional phage crossing method. However, in general, the recombi-
nation frequency is relatively low, limiting its use [16]. Thus, HR is a long-drawn method
that makes it difficult to screen recombinants with lower recombination frequencies [17].

Parental < Parental
Phage A 4~ PhageB

: —_—
g (]
LTS

Phagecross  Recombinant Homologous
genome recombination
EEIED Recombinant
host cell phages /

Figure 1. Schematic representation of [A] Phage Cross and [B] Homologous recombination (HR) in
phage genetic engineering.

2.2. Bacteriophage Recombineering of Electroporated DNA (BRED)

Recombineering is a genetic engineering technique which is based upon HR [18, 19].
Initially, HR systems such as the red system of bacteriophage A and the RecE/RecT system
of the Rac prophage were used for genetic engineering. The red system of lambda phage
primarily encodes three proteins, Exo, Beta, and Gam, whereas Rac-prophage encodes
two proteins, RecE and RecT [20, 21]. Rec E and Exo has 5-3” dsDNA exonuclease activity
that cleaves one strand of dsDNA to generate a single-stranded DNA (ssDNA) substrate,
whereas RecT and Beta are single-strand binding proteins (SSBs) that encourage the
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annealing of one strand of the DNA substrate to its recombination target in the phage
genome. The A phage Gam protein binds to the host E. coli RecBCD exonuclease complex
and SbcD enzymes to inhibit their activities to prevent the degradation of the linear
dsDNA substrate [22, 23].

Recombineering requires co-electroporation of the substrate DNA and phage DNA
template into a recombinant bacterial strain that expresses the phage recombineering pro-
teins via inducible plasmid to promote HR [24, 25, 26]. Substrate DNA is designed on the
basis of the required genome alterations to be made in phages [25] that are flanked by
homologous sequences of the phage region where the mutation has to be incorporated
which leads to HR between the phage genome and the substrate DNA. Recombination is
thought to occur only after phage genome replication begins [25]. Plaques produced by
phages contain both wild-type (non-recombinant) and mutant (recombinant) phages.
Phage particles containing the desired mutation can then be retrieved by plating trans-
formed cells, followed by screening these plaques using Polymerase Chain Reaction
(PCR). Therefore, several rounds of plating and PCR are required to isolate recombinants
[25, 26]. This recombineering technique, when used in phages against Mycobacterium spe-
cies, is known as BRED [23, 27]. This technique was first devised by Marinelli et al. for
mycobacteriophages and utilizes a recombination system encoded by mycobacterio-
phages with enhanced frequency of HR [28].

Homologs of RecE and RecT are rare among mycobacteriophages [29]. However, re-
combinant proteins from the mycobacteriophage Che9c, gp60, and gp61, which are distant
relatives of RecE and RecT, respectively, have been identified and isolated [30]. BLAST
analysis and biochemical characterization confirmed these functions. BLAST analysis de-
picted that Che9c gp60 protein shares 28% identity with A RecE C-terminus, while Che9c
gp61 shares 29% identity with A RecT (contains a motif common to the family of ssDNA
annealing proteins) [31, 24, 32]. Hence, these genes are introduced into an inducible plas-
mid (named pJV53) that is widely used to engineer mycobacteriophages. However, there
is a need to identify a comparable recombineering system encoded by mycobacterio-
phages because the high GC content of E. coli-derived proteins does not produce or func-
tion properly in mycobacteria [31]. BRED has been applied to mycobacteriophages to con-
struct chromosomal gene knockouts, gene deletions, base substitutions, heterologous
gene insertions, and specific gene replacements [24, 25, 33]. Similar alterations can also be
done in other phages using BRED.

BRED also has certain drawbacks such as the co-transformation of substrate DNA
and phage DNA into the same cell is generally low. Hence, it is particularly challenging
to apply this technique to gram-positive bacteria that exhibit low transformation efficien-
cies [17].
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Figure 2. Schematic representation of Bacteriophage Recombineering of Electroporated DNA
(BRED) in phage genetic engineering.
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Table 1. BRED engineered phages with therapeutic potential [24, 25, 30, 32].

Phage Engineered Mutated Type of Bacterial

. Cluster . . Observation
Strain phage gene mutation  strain
M.smeg  Lysogenic
. Repressor
. AdephagiaA4 . mc?2155 and phage
Adeph
dephagia 1A43 K Intznfase Deletion Mtb converted to
& H37Rv lytic
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Fionnbharth FionharthAd5 K4 and Deletion " 155 and phage
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Integrase
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D29 D29: A2 Egfp gene Insertion mc?155 Reporter
Phsp60-egfp phage
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2.3. CRISPR-CAS

To counter the invasion of phages, bacteria have developed a specific immunity
mechanism popularly known as the CRISPR-Cas system, in which the nucleic acids of any
foreign organisms are targeted and cleaved with the help of distinct nucleases [34]. It is
very similar to the pattern recognition receptors (PRRs) of the mammalian innate immune
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defense mechanism [35]. The CRISPR-Cas system adapts to a short stretch of the phage
genome of approximately 30-40 nucleotides (called “spacers”) by binding and merging
them into the CRISPR loci of the bacterial genome. Furthermore, these spacers are tran-
scribed into CRISPR RNAs (crRNAs), which form effector complexes that combine with
single or multiple Cas proteins. This effector complex further interferes with the infection
of phage genome which is complementary to the crRNA by recognizing and cleaving its
nucleic acid (called “protospacers”) and hence providing immunity to bacteria [36]. In
light of all other phage engineering strategies, CRISPR-Cas systems in various bacteria
have recently been utilized with remarkable effectiveness to aid phage genome engineer-
ing [37].

CRISPR-Cas has been classified into two classes based on the composition of cas
genes. The Class 1 system is based on multiple subunits of the effector complex and has
three types I, IlI, and IV, whereas the Class 2 system is based on a single subunit of the
effector complex and has three types II, V, and VI [38]. Among the six types of CRISPR-
Cas systems type [, 1I, and III have been efficiently applied for the engineering of phage
genomes.

The type I-E system observed in E. coli is the most well-known instance of a Type I
CRISPR-Cas system [39]. The endoribonuclease Cas6, also known as CasE or Casb6e, is
essential for crRNA synthesis, as it detects and cleaves the precursor crRNA within each
repetition. Cas6 and crRNA were further merged with Cas8 (large type component), Cas7
(six sets), CasB or Cse2 (two sets of small subtype subunits), and Cas5. In addition, a two
to six nucleotide protospacer-adjacent motif (PAM) must be present on the non-comple-
mentary DNA strand. After recognizing the target DNA by Cascade (CRISPR-associated
complex for antiviral defense), another protein helicase-nuclease, Cas3, cleaves the target
DNA [40]. This type I-E system has been successfully utilized to generate recombinant
phages for E. coli [41] and Vibrio cholera [42]. Two non-essential genes were deleted from
phage T7, which infects E. coli using this approach. The wild-type T7 phage was infected
with an E. coli strain carrying a plasmid containing homologous phage sequences flanking
the gene to be deleted. This step generated both wild type and recombinant phages, which
were further selected by propagating these phages onto the bacterial strain carrying plas-
mids encoding cascade, cas3, and spacer sequences, where the recombinant phages were
automatically selected by cleaving the protospacer of wild-type phages, generating 38%
and 42% recombinant phages for deleting two non-essential genes, respectively [41]. Us-
ing a similar approach, two deletions and one replacement were produced in the
ICP1_2011_A phage infecting V. cholera, where approximately 50% of the recombinants
were discovered, whereas a small deletion of approximately 33 nucleotides generated
100% recombinant phages [42].

The most commonly used CRISPR -Cas system in genome editing applications is
CRISPR-Cas9 [43], which belongs to the type II —A CRISPR-Cas family typically found in
Streptococcus thermophilus and Streptococcus pyogenes [36]. Here, a short trans-activating
crRNA (tracrRNA), is necessary for crRNA production having a corresponding region to
repeat-derived sequences of crRNA. In this system, the 5end of crRNA are modified using
some unspecified nucleases while the 3’end of crRNA is trimmed by RNase III, a host
encoded nuclease when the complementary short trans-activating crRNA (tracrRNA) and
progenitor crRNA binds with each other. This complex binds to Cas9, which recognizes
and cleaves the targeted double-stranded DNA. Similar to the CRISPR type I system,
CRISPR-Cas9 requires PAM and a corresponding crRNA with a protospacer in the seed
region to induce productive interference [44]. Some non-essential genes have been identi-
fied in phage 2972 against four different S. thermophilus strains, each carrying their own
type II CRISPR-Cas system. In addition, with the help of donor DNA and plasmids carry-
ing CRISPR-Cas9, point mutations and single gene deletions (100% efficiency), two-nucle-
otide deletions (80% efficiency), and gene exchange were efficiently performed in phage
2972 using this method [37]. CRISPR-Cas9 has also been used to engineer P2, a lytic
phage, against Lactococcus lactis. Several short nucleotide insertions, point mutations, and
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single-gene deletions were introduced into the P2 phage using plasmid-encoded donor
DNA and CRISPR-Cas9 [45].

The type III-A system is well described in Staphylococcus epidermidis, showing a close
similarity with the type I CRISPR-Cas system [46], which also depends on the Cas6 endo-
nuclease for crRNA biogenesis at its 5" end, while the 3" end is modified by some non-cas
nucleases. The effector complex is composed of Casl0 (large type subunit), Csm2 (small
type subunit), Cas5, and Cas7 (numerous homologs), which along with ctrRNA and Csmé,
target and cleave foreign DNA and RNA [47]. The type III system functions in a transcrip-
tion-dependent manner; hence it cleaves the target molecule only after successful tran-
scription. Therefore, it is difficult to engineer lysogenic phages using this system because
the late genes of lysogenic phages are usually silent during this phase. However, lytic
phages of S. epidermidis and S. aureus were efficiently engineered using the type III
CRISPR-Cas system. Point mutations have been introduced in phage Andhra [48] against
S. epidermidis and in phage ISP [49] against S. aureus with 100% mutant phages.

Therefore, owing to the diversity of CRISPR-Cas in various bacterial species, it can
be used to modify various phages using both host-encoded and plasmid-encoded CRISPR
constructs. Some off-target cleavage can be performed by CRISPR nucleases; however, it
can be easily screened once a perfect recombinant phage is found [36]. One very important
aspect of using CRISPR-Cas systems in phage engineering is its diverse role in different
hosts, proving its utility in a longer run once optimized properly.

( Cas9
tracrRNA
- <§’_)

crRNA
CRISPR-Cas
complex

i Recombinant «—

%cterial hostcell ~ /~/~"“\ phages )

Figure 3. Schematic representation of CRISPR-Cas Type II system in phage genetic engineering.
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2.4. CRISPY BRED and CRISPY BRIP

Phage engineering is mostly based on either a phage-encoded recombination system
or host-derived CRISPR-Cas machinery. The engineering of mycobacteriophages [25] has
been carried out by BRED which is further implemented for phages of other bacterial spe-
cies including E. coli [33], Klebsiella [50], and Salmonella [51], whereas CRISPR-Cas is read-
ily used to engineer phages of E. coli [41], V. cholerae [42] and S. thermophilus [37]. When
combined, these techniques can be used to efficiently carry out engineering known as
CRISPY-BRED, where BRED or recombineering is used to carry out recombinations and
CRISPR is used to select recombinant phages. CRISPY-BRED has been used to modify
various mycobacteriophages such as Alma, BPs, BuzzLysyear, LadyBird, Miko, PhiFW1,
Fionnbharth and Adephagia [52]. The CRISPR system is encoded by a plasmid derived
from pIRL53 containing an sgRNA (single guide RNA of approximately 20 bp in
length, which is positioned 5 to the PAM sequence used to target the gene to be modified),
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the cas9 genel? of S. thermophilus [53], an E. coli replication origin, and a kanamycin re-
sistance gene. The integration of this cassette into mycobacterial chromosomes contains
an attP-Int site [54]. BRED contains the parental phage DNA to be modified and an artifi-
cial DNA substrate (150-250 bp long) that is homologous to the target phage DNA se-
quence. They are co-electroporated in M. smeg cells, which expresses recombination genes
from the mycobacteriophage Che9c. Once the target phage DNA sequence, artificial DNA
substrate, recombination genes, and CRISPR cassette are inside the M. smeg cell, the guide
RNA cleaves the target DNA, followed by the recombination of the artificial DNA sub-
strate with the targeted phage sequence using recombination genes. After one round of
the lytic cycle, the recombinant phages are recovered by plating on the M. smeg psgRNA
strain. Plaques are detected by PCR in the presence of mutant alleles. CRISPY-BRED is
advantageous over BRED, as the former usually obtains homogenous mutant phages in
its primary plaque screening, whereas the latter has heterogeneity of both wild and mu-
tant phages in primary plaque screening, which is further confirmed by secondary plaque
screening. Therefore, CRISPY-BRED simplifies the screening procedure because the re-
combination efficiency is low in the case of BRED in M. smeg [52].

CRISPY-BRIP is another approach for phage engineering, which is similar to
CRISPY-BRED in all aspects, except the co-electroporation of the target phage DNA se-
quence and the artificial DNA substrate. In CRISPY-BRIP, cells carrying the recombina-
tion genes are first electroporated with the artificial DNA substrate, followed by further
infection with phage particles by natural route to release their DNA inside the host cell.
This approach is useful for engineering phages with hosts that have low electroporation
efficiency, such as gram-positive bacteria, particularly Mycobacterium sp. Compared to
CRISPY-BRED, CRISPY-BRIP is less efficient than replacing the repressor gene (gene 47)
of the mycobacteriophage Fionnbharth with the mutant variant gene (gene 52) of myco-
bacteriophage Fruitloop, which yielded only two recombinants out of fourteen plaques
(14% efficiency), while similar replacement with CRISPY-BRED yielded twenty two re-
combinants out of twenty four plaques (~92% efficiency) [52].

Owing to the higher efficiency and easier screening of recombinants, CRISPY-BRED
has been efficiently used to introduce deletions and replacements in various mycobacteri-
ophages, with a decent number of viable mutants. PAM site choice in Cas9 of S. thermoph-
ilus is restricted to 5bp whose target is quite precise in case of deletion and replacement,
but for targeted insertion and point mutation, PAM site choice is still restricted and re-
quires other CRISPR-Cas systems with more specific PAM site choices. Recombineering
remains a limitation for other phages and requires extensive screening of mutant phages.
Therefore, CRISPY-BRED can be a better platform for producing engineered phages,
whereas CRISPY-BRIP can be readily used for engineering phages possessing a larger ge-
nome size and is unable to transfect its host organism efficiently [52].

Table 2. CRISPY-BRED engineered phages [52].

Mycobacteriophage Mutated Gene Type of Mutation
Alma Ori ncRNA (35) Deletion
BPs HRM 10 Integrase (32), Repressor (33) Deletion
BuzzLysyear 41,42,43 Deletion
LadyBird Ori ncRNA (34) Deletion
Miko repA (36) Deletion
PhiFW1 Capsid (14) Deletion
) Repressor (47) of
Fionnbharth Fionnbharth/F52mut3 of Fruitloop Replacement
. Integrase (45), 46,Repressor
F harth Repl t
ionnbhart (47)/mCherry (Fluorescent protein) eplacemen
BPs HRM 10 Integrase (32), Repressor (33)/ Replacement

mCherry (Fluorescent protein)
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Integrase (41), 42, Repressor

Adephagia (43)/mCherry (Fluorescent protein)

Replacement

2.5. Chemically accelerated viral evolution (CAVE)

Chemically accelerated viral evolution (CAVE) is based on a directed evolutionary
strategy in which phages undergo a series of chemical mutagenesis cycles to evolve with
better functional characteristics than the original wild type form [55]. Ethyl methanesul-
fonate (EMS), an alkylating substance, is used to perform chemical mutagenesis in various
E. coli phages, producing effective variants of these phages in vitro [56]. Here, a random
mutation is inserted within the phage genome by chemical mutagenesis, which generates
progeny of mismatched mutated phages upon replication in its host bacteria. Further-
more, these mutated phages are exposed to high temperatures, resulting in variants with
enhanced thermal stability. These variants are multiplied and subjected to 30 cycles. Next-
generation sequencing of these variants depicted that during the initial cycle of mutagen-
esis, mutations were restricted to fewer mutations, which further increased and saturated
with the latter cycle of mutagenesis. The stability of mutated phages at higher tempera-
tures increased by approximately 63% compared to that of wild-type phages. Sequencing
results demonstrated that all these mutations occurred within the coding regions of
phages, especially in the structural and assembly protein subunits. In these mutations, the
original amino acids were replaced with more hydrophobic amino acids than their corre-
sponding wild-type counterparts. Except for changes in the structural genes of phages,
CAVE did not cause any alterations in lytic activity or host range capability of these
phages. CAVE can also be used to generate resilient phages at acidic pH, without causing
any significant changes in the structural biology of phages [57].

Therefore, CAVE can prove to be an efficient tool for carrying out phage engineering
with a directed evolutionary approach, as this strengthens the functional attributes of
phages with a variety of criteria for phage selection [57]. CAVE has developed engineered
phages with increased thermal stability at 60°C and acidic pH resistance. Furthermore,
this technique can be employed for engineering phages with much better phenotypic char-
acteristics, which are usually a constraint in wild-type phages and can be effectively used
in phage therapy and other antimicrobial purposes.

Table 3. CAVE induced mutations in various structural proteins of T3 and T7 phage [57].

Bacteriophage Gene no. Gene name Mutation rate

T3 gp37 Head—to—taq joining 0.998
protein

T3 opd5 Internal virion B 0713

T3 gp48 Tail fiber protein 0.197

T7 gp47 Tail tubular protein B 0.951

7 ep51 Internal. virion 0.935

protein D

T7 op? Head—to—taq joining 0.930
protein

T7 ep57 DNA matl.lratlon 0.877
protein

T7 gpl7 DNA binding protein 0.838

T7 opd3 Capsid assgmbly 0.720
protein

2.6. Rebooting of Phage Genome
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The basic principle behind the rebooting approach is that the full-length phage ge-
nome containing the desired mutation is generated by artificial methods such as Gibson
assembly or transformation-associated recombination (TAR). This synthetically generated
phage genome is directly transformed into phage-specific host cells, which produce mod-
ified phages after the lysis of the host cell. This approach is helpful for certain bacterio-
phage gene products that are harmful to their host cells and was first applied to the phage
genome of phiX174 (5386 bp). The phiX174 genome was assembled in vitro using artificial
oligonucleotides by Polymerase Cycling Assembly (PCA) and further transformed into
yeast artificial chromosomes by the transformation-associated recombination (TAR)
method in vivo. These fragments are then liberated by digestion with restriction enzymes
and finally rebooted into their respective host cell that is E. coli [58].

Similar modifications have been applied to T7 phages to modulate their host range,
particularly in gram-negative bacteria. This shows that the tail fiber gene gp17 plays a
significant role in determining the host range of T7 phages [59, 60]. In addition, rebooting
was successful in the Salmonella Myovirus FelixO1 strain [61], P. aeruginosa [62], and
Klebsiella sp. [63]. Therefore, this method is more suitable for gram-negative bacteria be-
cause it has greater transformation efficiency than gram-positive bacteria.

For the rebooting of phages for gram-positive bacteria, L-form cell wall-deficient bac-
terial strains are used, which can easily uptake the genomic DNA of the phage to be mod-
ified. This technique has been used to reboot the gram-positive L-form of Listeria mono-
cytogenes which has been applied to alter the host range of Listeria phages [64] in addition
to generating reporter phages [65].

Phage rebooting can also be performed outside the host cell using a cell-free tran-
scription and translation (TXTL) system. This method utilizes phages with a higher self-
assembly capacity, such as T4, T7, and phiX174. These phage particles are further grown
in test tubes along with cell extracts of E. coli using the TXTL system [66]. Cell-free systems
of genetic engineering can overcome the hurdle of bacterial species with inefficient trans-
formation capacity, and can be used to engineer their respective phages.

3. Applications of Phage Therapy

Phages assist in the treatment of bacterial infections at both the pre-infection (prophy-
laxis) and post-infection (therapy) stages. The findings that no major adverse side-effects
of phage therapy have been documented till date, substantiallysupports the safety of bac-
teriophage preparations. Most of the applications of the phage therapy that have been
employed clinically till date are most often personalized for a particular patient and there
are perhaps no report that describes its characterization or usage on a population or mass
level. Several attempts have been made to aid in the selection of particular conditions and
methods so that the phage therapy experiments can be targeted most effectively in the
future.Still,phages have been identified to have huge potential in therapy against several
critical bacterial illnesses where antibiotics and (or) other treatment modalities are not
very effective[67,68]. Phage therapy can be administered in several ways, some of which
are listed below:

3.1 Phage Host Range Mutants

3.2 Phage endolysin derived enzybiotics

3.3 Phage vaccines

3.4 Engineered phages

3.5 Phage Cocktail/ Cocktail+Antibiotic

3.1. Phage Host Range Mutants (HRM)

Phages are very specific to their host, and the major drawback of phage therapy is
their limited host range [69].1t is nearly impossible to use a single phage type to target
every strain of a species in a given genus.Through advancements in genetic engineering,
receptor-binding proteins of phages can be swapped or modified to expand their host
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range in phage therapy. Changes in host specificity have been made by substituting re-
ceptor-binding protein genes across many strains, each of which targets a different host.
For instance, switching the long-tail fiber genes of T2 and PPO1 phages leads to changes
in the host of T2 fromE. coli-K12 to E. coli O157:H7 [70]. Additionally, the T2 phage's long
tail fiber gene was also switched with the IP008 phage tail fibre, which increased T2 host
range for additional E. coli strains [71]. By swapping heterologous receptor-binding
genes between distant phages,Even a phage intended to infect E. coli bacteria could pos-
sibly be capable of infecting Klebsiella bacteria and vice versa [72]. Filamentous phages,
such as fd and IKe, have minor pllII coat proteins that are responsible for their infectivity.
The plII coat protein of the fd phage which infects E. coli containing F pili was fused with
the pllI coat protein (receptor-binding region) of the IKe phage that infects E. coli contain-
ing N or I pili that lead to widened host range of mutated fd phage as it can now infect
either with N or even F pili [73]. The fd phage was also engineered to infect V. cholera by
adding N-terminal 274 amino acids of the plll gene of the filamentous phage CTXphi,
which infects V. cholera through toxin-co-regulated pili [74].

Mutant Phages
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Figure 4. Schematic representation of Host Range Mutants (HRMs) by swapping the receptor bind-
ing domains.

3.2. Phage endolysin derived enzybiotics as potential therapeutics

The term “enzybiotics” is derived from two words “enzyme” and “antibiotics” [75].
Enzybiotics are enzymes or in some cases non-enzymatic derivatives of phages which
have been extensively utilized for their antibacterial and antimicrobial properties. The
foundation of enzybiotic research is the hydrolytic enzyme class known as endolysins (or
lysins), which are particularly successful in eradicating a variety of bacterial infections [76,
77]. Endolysins also known as murein hydrolases, cleave the bacterial host cell wall to-
wards the end stage of the lytic cycle. Endolysins require a group of proteins known as
holins to make pores/ gaps in the cytoplasmic membrane from inside so that they can
access the bacterial peptidoglycan since they lack their own signal sequences. Only when
the holin’s concentration exceeds a predetermined level does this closely controlled chain
of events begin. Endolysins may now access the peptidoglycan and break it down, which
kills the bacterial cells [78].

Phage endolysins have been studied as potential medicines for the treatment of bac-
terial infections in both humans and animals ever since it was discovered that their exog-
enous application causes lysis of the host bacteria [79, 80]. In 2001, Nelson et al. released
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the first study that demonstrated an endolysin's effectiveness in vivo. [75] As the phage
and their hosts have co-evolved, there is far less risk of resistance to endolysins than to
antibiotics [81]. Over the past 20 years, research on these enzymes have advanced from
straightforward in vitro characterization to sophisticated protein engineering methods, in-
cluding state-of-the-art pre-clinical and clinical testing [82, 83]. Despite these advance-
ments, there are still certain problems that need to be addressed with the systemic use of
endolysins. They include immunogenicity and circulation half-life, as well as characteris-
tics that target and penetrate particular cells and tissues [84, 85].

Owing to the distinct cell wall topologies of these two important bacterial groupings,
endolysins that target Gram-positive, Gram-negative, and mycobacteria frequently have
different structures. Most endolysins are composed of a polypeptide chain that is divided
into two parts: a catalytic domain (CD) at the protein's N-terminus and a cell wall-binding
domain (CBD) at the C-terminus connected by a brief, bendable linker between these two
components. [86, 87].

Nelson et al. demonstrated in 2001 that the streptococcal phage lysin PlyC could both
prevent and treat group. A streptococcal upper respiratory colonisation in mice (then
known as C1 lysin). The test shows that lysin is a unique murein hydrolase that rapidly
eliminates group A streptococci both in vitro and in vivo while having no impact on the
other native microorganisms being studied. Using this broad approach, streptococci may
be decreased or eradicated from carriers' or sick individuals' upper respiratory mucosal
epithelium, hence reducing the associated disease [88].

3.2.1. Gram positive bacteria-targeting endolysins

Most Gram-positive bacteria have a continuous, somewhat thick cell wall that is
mostly composed of peptidoglycan and ranges in thickness from 30 to 100 nm [89]. Single
type of endolysin is produced by bacteriophages that attack gram-positive bacteria [90]
that have evolved a modular structure that typically separates enzymatic activity and cell
wall recognition into different domains and connects them with flexible linkers. The en-
dolysin's cell wall-binding domain (CBD) enables it to make a specific, targeted connec-
tion to the target bacterial cell wall whereas its enzymatically active domains (EAD),
which give its catalytic activity, often reside at its N-terminus [91, 92].

The PlyG endolysin from the Bacillus anthracis -phage, a chemical significant with
regard to biowarfare, has demonstrated remarkable results in addition to treating strep-
tococcal infections. Mice that were intra-peritoneally injected with Bacillus cells and given
buffer died after two hours, whereas mice that were given PlyG lived for 70-80% of the 72
hours of the experiment [93]. The treatment of staphylococcal infections in animal models,
particularly Multiple Resistance Staphylococcus aureus (MRSA), has been the subject of nu-
merous articles. In the first study from 2007, MRSA was eliminated from mouse nares
using the MV-L endolysin from phage MR11. When the same enzyme was supplied intra-
venously at 0, 30 and 60 minutes following systemic MRSA infection, respectively, 100%,
100%, and 60% of the mice survived the test [94]. S. aureus frequently causes osteomyelitis,
a bone infection that is difficult to treat because the bacteria are resistant to medications
and persist inside the cells. To treat experimental osteomyelitis in rats, Karau et al. gave
endolysin CF-301 intravenously one week after infection and the localised S. aureus bacte-
ria in the bone were greatly reduced by this systemic injection. However, compared to the
control, the impact was only about 0.48 log decrease [95].

3.2.2. Gram negative bacteria-targeting endolysins

Gram-negative bacteria are shielded from the environment by an outer membrane
made of lipopolysaccharides that surrounds the peptidoglycan cell wall [96]. Gram-nega-
tive bacteria have thin cell walls that are between 20 and 30 nm in thickness [97]. While
endolysins that attack Gram-negative bacteria are typically small, single-domain globular
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proteins (molecular mass between 15 and 20 kDa), they can also be found in other struc-
tural forms [98, 99].

The concept of Artilysins is introduced to combat Gram-negative bacteria which is
constructed by alteration of endolysin structure with peptides that destabilise lipopoly-
saccharide. Artilysins, are able to pass through the outer membrane and reach the pepti-
doglycan where they exert their action. In a study, novel artilysins (designated as AL-
3AA, AL-9AA, and AL-15AA) are developed with antimicrobial-peptide SMAP29 fusion
at the N-terminal of LysPA26 and utilised them. The findings demonstrated the significant
bactericidal activity of artilysin AL-3AA; even 0.05 mg/mL AL-3AA could kill 5.81 log
units of P. aeruginosa without EDTA in 60 minutes. AL-3AA significantly reduced P. aeru-
ginosa biofilms and prevented the development of P. aeruginosa PAO1 biofilms. Addition-
ally, it may have had broad-spectrum activity against K. pneumoniae and E. coli, two sus-
ceptible Gram-negative bacteria most often found in hospitals [100, 101]. The Gram-posi-
tive Bacillus amyloliquefaciens phage IAM 1521 endolysin (Lys1521) is the most extensively
researched example. Lys1521 (40 g/ml) externally applied to gram negative bacteria like
E. coli W3110 and P. aeruginosa decreased the number of cells by 98% (1.90 log) and 99.78%
(2.66 log) in 10 minutes, respectively [102]. The SPN9CC endolysin worked by cleaving
the glycosidic linkages of peptidoglycan; demonstrated lytic activity by exogenous appli-
cations and exclusively had antibacterial action against Gram-negative bacteria. It's inter-
esting to note that without EDTA, a permeabilizer of the outer membrane, the SPN9CC
endolysin could still lyse intact Gram-negative bacteria [103]. LysAB54, a novel endolysin
with limited homology to other well-known related endolysins from bacteriophage p54
was cloned, expressed and characterised. LysAB54 has demonstrated considerable bacte-
ricidal action in the absence of outer membrane permeabilizers against multidrug-re-
sistant A. baumannii and other Gram-negative bacteria, such as P. aeruginosa, K. pneu-
moniae, and E. coli making it a promising therapy option for Gram-negative superbugs
that are multidrug resistant [104].

3.2.3. Mycobacteriophage endolysin

Mycobacteriophages, viruses that infect mycobacterial hosts, face significant obsta-
cles because of the unusual structure of the mycobacterial cell wall, which consists of a
myecolic acid-rich mycobacterial outer membrane attached to an arabinogalactan layer
connected to the peptidoglycan. The mycobacterial cell wall has a complex structure that
makes it unique and sets it apart from both Gram-positive and Gram-negative bacteria
[105]. Its exceptionally high lipid content (up to 60% of the cell wall is made of lipids)
accounts for the highly hydrophobic cell surface properties, leading to a naturally imper-
meable cell wall, resistance to many antibacterial drugs, and exceptional inflammatory
activity, playing a key role in virulence [106].

While the arabinogalactan-peptidoglycan complex is covalently attached to the outer
membrane rich in mycolic acid, lysis must not only remove the mycolic acid layer but also
penetrate it in order to split the peptidoglycan layer. Consequently, two different endoly-
sins are produced by mycobacteriophages: Lysin A (LysA), which hydrolyzes peptidogly-
can, and Lysin B (LysB), a novel mycolylarabinogalactan esterase, which cleaves the my-
colylarabinogalactan bond to release free mycolic acid [107- 109].

Mycobacteriophage Ms6 endolysins, Lysin384 and Lysin241 were found to inhibit
the growth of mycobacterial species like M. smegmatis, M. aurum, and M. fortuitum when
exogenously applied. In a different investigation, mycobacteriophage BTCU-1 lysin A and
lysin B demonstrated alteration of the morphology of M. smegmatis and its increased ca-
pacity to eradicate intracellular M. smegmatis [110, 111].

There is an advantage over using complete mycobacteriophages, as only a few num-
bers of phages have been demonstrated to infect tubercle bacilli thus far. Therefore, the
large number of isolated mycobacteriophages represents a vast reservoir of various endo-
lysins degrading enzymes that have potential for numerous therapeutic uses.
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The applications of microbial recombinant enzymes have increased the therapeutic possibilities for humans, however
challenges such as high immunogenicity, protein instability, brief half-lives, and low substrate affinity still need to be
overcome [112]. Enzymes with higher activity and fewer side effects, as well as those that can be genetically changed,
are all still being sought after. Endolysins have a lot of promise as potential alternatives or complements to traditional
antibiotics. When endolysins are administered exogenously to some bacteria, cell lysis occurs quickly [113]. We can
develop novel endolysins with higher stability, specificity, and lytic action, which increases the potential of endoly-
sins. To successfully create and use endolysins, it is essential to thoroughly comprehend how their biochemical, bio-
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Figure 5. Schematic representation of the action of Phage derived endolysins in phage therapy.

3.3. Phage vaccines

Phages specifically infect their bacterial hostswithout affecting mammalian cells and
have characteristics such as small size, highly ordered structure, multivalent surface anti-
gens and repeated structures to trigger pathogen specific immune response in the mam-
malian host which are desirable traits for use as candidate phage based vaccines [114,
115]Numerous vaccine frameworks have been developed so far using various phages, in-
cluding filamentous phages [116], MS2 [117], phage A [118], T4 [119] and others [120].

Adjuvants are immunological agents that regulate innate and adaptive immune re-
sponses. Phages have the potential to function as natural adjuvants because of their viral
traits and the presence of CpG (the ligand for Toll-like receptor 9) in their genomes [121,
122, 123]. The basic idea behind using phages as antigen delivery vehicles is to assemble
pathogenic antigens onto phage capsids, either in vivo or in vitro, to produce virus-like
particles (VLPs) that cause a strong immune response without the need for external adju-
vants [124]. Being a natural adjuvant they also enhance IgM and IgG responses, activate
CD8+ and CD4+ T cells, facilitate B cell activation, and can also be engineered to activate
dendritic cells (DCs) [123, 125, 126]

Researchers have observed compared to soluble counterparts, particulate surface-
bound antigens elicit higher immunological responses [119]. For example, antigens pre-
sented on phage QP VLPs packed with CpG showed a much higher level of antigen-spe-
cific IgG antibody production than a straightforward combination of CpG-packaged Qf
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VLPs and soluble antigen[126].Surface-bound particulate antigens also activate follicular
dendritic cells (FDCs) by binding to natural IgM and fixing complement component 1q,
followed by the selection of B cells during germinal center reactions. However, the soluble
capsid protein was unable to trigger this humoral innate immune response and was inef-
fective in depositing FDCs [127].Particulate antigens can also activate CD4+ and CD8+ T
cells, as VLPs can be present by both class I and class I MHC [130]. Research has demon-
strated that CD8+ T lymphocytes specific for p24 may be stimulated by HIV-1 p24 antigens
packed on the T4 capsid in infected mice. However, soluble p24 triggers few or no CD8+
T cells with p24 specificity [128].Similarly, Yersinia pestis FlmutV antigen activates both
type 1 and type 2 helper T cells in mice when produced on the T4 capsid, whereas prefer-
entially, type 2 helper T cells are only activated by soluble FimutV antigen[119].

It has been suggested that the highly confined epitope density promotes the cross-
linking of B cell receptors to antigens, which facilitates B cell activation[129, 130]. In a
study using the Q@ phage capsid, a high-density model peptide (D2) caused increased
titers of D2-specific IgG compared to medium- or low-density peptides [131]. One of the
promising methods to increase vaccine effectiveness is antigen targeting the immune cells.
The primary targeted immune cells are dendritic cells (DCs), which play a crucial role in
linking innate and adaptive immune responses [132]. Engineered phages can target the
DCs of mammalian cells by displaying a targeting molecule that is specific to DC, which
boosts the immune response against delivered antigens. For example, researchers have
engineered filamentous fd phages using plll and pVIII capsid proteins to display a single-
chain variable fragment (scFV) of an antibody against a DC-specific receptor (DEC-205)
and ovalbumin peptide [123]. The resulting phages produce higher antibody titers than
phages that merely display ovalbumin peptides and lack targeting molecules [133]. Most
phages can connect the antigen and DC-targeting molecule to the same VLP because they
contain many structural proteins that can be used for display. Similarly, two non-essential
capsid proteins of phage T4Hoc is used to display an antigen and the Soc has been used
to display a DC-targeting molecule (for instance, a monoclonal antibody against DEC-205)
thus used to display two distinct foreign proteins[134, 135].

Despite the numerous benefits of phages, no phage-based vaccines have yet reached
the market. Several phage platform-based vaccine candidates are currently undergoing
clinical trials [136, 137] but the majority of these are currently only useful for basic re-
search. The fact that most phages cannot adequately display the antigen at a high density
could be one factor which is necessary to high levels of neutralising antibodies that are
specific in their conformations[138]. Another drawback is the quick changes in a few es-
sential amino acids in the epitopes soon after infection, leading to peptide vaccines based
on only one or a few of these epitopes being less effective. In addition, it is not possible to
employ phages to show antigens that need post-translational changes, such as glycosyla-
tion, which is essential for the structural and conformational integrity of proteins. This is
because bacteria lack post-translational modification (PTM) mechanisms.Secondly,
phages are naturally occurring protein nanoparticles that trigger immunological re-
sponses, which may limit their application in situations where multiple vaccinations are
required [139].

However, recent advances in vaccine development and phage engineering have overcome some of these drawbacks,
such as the fact that the T4 phage platform has demonstrated that the full-length antigen can be displayed at a high
density. For instance, 360 copies of the 83 kDa protective antigen (PA) [134,124], 650 copies of plague F1mutV [119],
350 copies of the 90 kDa fatal factor (LF) [134] and 200 copies of tetrameric 129 kDa [3-galactosidase [119] can all be

individually observed on the surface of the T4 capsid. Like any other pathogen, the epitope areas of phage capsid pro-
teins exhibit varying immunogenicities. The epitope that triggers the strongest immune response is referred to as the
immunodominant epitope [140]. Thus, immunodominant epitopes can be disrupted by phage engineering to reduce
their immunogenicity. The process of attaching polyethylene glycol (PEG), commonly known as "PEGylation," per-
mits increased solubility and decreased renal clearance, which lengthens the time a substance remains in the


https://doi.org/10.20944/preprints202305.0771.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 10 May 2023 d0i:10.20944/preprints202305.0771.v1

16 of 29

bloodstream [141].
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Figure 6. Schematic representation of target delivery of phage vaccine to increase the immune re-
sponse.

3.4. Engineered phages

In addition to their inherent antimicrobial properties, phage activity can be readily
increased by genetically modifying them to carry genes that can code for antimicrobial
proteins and(or) antimicrobial substances. An excellent illustration is the use of a modified
T7 phage to deliver biofilm-degrading enzyme dispersin B (DspB) [142]. The DspB gene of
Actinobacillus actinomycetemcomitans was expressed by an engineered phage T7, which can
be recognized by T7 RNA polymerase. As a result, it could considerably lower the the
number of bacteria in a single-species E. coli biofilm than in the T7 phage control
[142].Similarly, In order to prevent quorum sensing, the T7 phage was altered to express
a lactonase enzyme which is crucial for the development of biofilms. Compared to the no-
phage control, the resulting T7 phage decreased biofilm formation by 74.9% and 65.9% at
4 and 8 hrs after plating, respectively. However, after 4 and 8 hrs, the wild-type T7 phage
decreased biofilm by only 23.8% and 31.7%, respectively [143].

Besides targeting biofilms, phages can also be used to cleave antibiotic resistance
gene either by delivering a specific antibiotic drug or a programmed CRISPR-Cas system
[144, 145]. For instance, phagemids encoding the CRISPR-Cas9 system were packaged in
the staphylococcal phage NM1 and designed to target the aph-3 kanamycin resistance
gene [144]. Strong suppression of bacterial growth was observed when the recombinant
®NM1lphage was introduced into S. aureus RN4220 cells that had a kanamycin resistance
gene. The PNM1phage, on the other hand, did not result in any appreciable suppression
when combined with a non-targeting CRISPR-Cas system.

Artificial selection of useful traits to enhance the phage capability by phageengineer-
ing can be used to kill resistant bacteria more effectively than their wild type forms. For
example, engineered mycobacteriophages that contained host range mutants and exclu-
sively lytic phages have been successfully used therapeutically to treat human infections
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inrecent studies [146, 147]. A 15-year-old patient with cystic fibrosis (homozygous for
AF508) after receiving bilateral lung transplantation had non-tuberculous Mycobacterium
(NTM) infections, including Mycobacterium abscessus, which was antibiotic-resistant. To
investigate possible therapeutic phages, M. abscessus subsp. massiliense with a rough col-
ony morphotype (named strain GD01) was isolated one month post-transplantation. The
GDO01 strain was then used to screen 1000 phages. A phage cocktail was designed, and the
patient underwent a single topical test of the sternal wound and continued intravenous
(IV) therapy with a three-phage cocktail. The patient improved clinically with healing of
surgical wounds and skin lesions and the lung function improved with no side effects
[146].

Table 4. The components of the phage cocktail [146].

Phages Cluster/Subcluster Used in PT Mutant gene GDO01 Survivors
Muddy Singleton Wild - No
Zoe] K/K2 Engineered (ZoeJA45) Repressor gene Yes

Engineered, mutant
(BPsA33HTH-HRM10)

Another successful clinical case was the treatment of Mycobacterium chelonae infec-
tion. Clinical manifestations of M. chelonae include localized skin or soft tissue infection,
as well as extensive cutaneous disease. This rapidly proliferating non-tuberculous Myco-
bacterium infects immuno-compromised patients for a prolonged period. A 56-year-old
man at a dermatology clinic complained of weight loss, sweats and new nodular lesions
on his left upper limb. The patient was diagnosed with M. chelonae infection. The strain
(GD153) of M. chelonae was used to investigate possible therapeutic phages that might be
helpful in the treatment of illnesses. Only Muddy and Muddy_HRMGSP%, variations with
a wider host range, demonstrated successful results in infecting GD153. In addition to
medication and surgical treatment, a single bacteriophage was administered intrave-
nously to the patient. Patient's illness improved steadily and there were no signs of bacte-
rial resistance to the phage [147].

The BRED technique has also been used to engineer phages from other strains such
as Klebsiella[148] and Escherichia coli [149] and vaccine development is performed by engi-
neering Shigella [150].In Klebsiella, recombineering was used to demonstrate that the mul-
tihost bacteriophage ®K64-1 infects a different capsular strain of Klebsiella. Eleven of the
genes in the bacteriophage ®K64-1 had a sequence similar to that of tail fiber/spike or
lyase. Eight of the 11 genes (S1-1, S1-2, 51-3, S2-1, S2-4, 52-5, 52-6, and S2-8) encoded cap-
sule depolymerases, which allowed them to infect several Klebsiella capsular strains, in-
cluding K1, K11, K21, K25, K30, K35, K64, and K69, as well as the novel capsular strains
KN4 and KN5. The roles of these genes in phage infection were examined by deleting the
gene followed by purifying mutant phages in a presence of hosts. Thus, Mutant phages
for the capsule depolymerase gene (AS1-2, AS2-2, AS2-3, and AS2-6) lost their ability to
infect specific Klebsiella capsular strains (KN4, K25, K35, and K30/K69) respectively. This
implies that capsule depolymerase is necessary for the infection to propagate in a specific
host [148].

In coliphages, BRED was initially employed to eliminate a copy of the mobile element
IS1 (transposon), which has been shown to be active, from the P1vir genome. The results
demonstrated that the engineered phage with deleted IS1 (specific copy of 151) did not
directly contribute to lytic replication and displayed normal plaque morphology, burst
size, phage titer, and capacity for generalized transduction. Therefore, P1virAIS is a tool
for genome engineering that is devoid of IS contamination [149].

In Shigella, recombineering (Short homology recombination) was carried out to create
Shigella vaccine strains with several gene deletions. The virulence gene, also known as icsA
or virG, are major targets for attenuation since strains with this mutation are unable to
spread to neighboring host cells and demonstrate avirulence in animal models.

BPs G/G1 Integrase Yes
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Recombineering is, therefore, employed to produce a number of isogenic strains from dif-
ferent Shigella serotypes by meticulously removing virulence-associated genes. These bac-
teria have been characterized for their attenuation in both in vivo and in vitro studies. As a
result, prototype Shigella vaccine strains have been developed. Contrary to popular belief,
evidence acquired from recent clinical studies have demonstrated that Shigella vaccine
strains with virG mutations (SC602, WRSS1, and WRSd1) are highly immunogenic and
safe when administered at low dosages [150].

Engineered phage genome
with antibacterial enzyme
(DspB expressing)

Initial Infection

Phage replication & antibacterial .
Enzyme (DspB) expression .

Cell lysis, phage and antibacterial enzyme
release, and biofilm dispersal

Engineered (iii) Drug resistant bacterial cell
‘bacteriophage
W\

Antibiotic
Phage Resistant
attachment gene

Delivery of programmed
Phage CRISPR/Cas9 system by
replication /allX\ Engineered bacteriophage

Expression of CRISPR-Cas9
component/'

: A as 9 mediated
it argeting
\ M ’ Resistant gene

Antibacterial sensitivity restored

Figure 7. Schematic representation of phage engineering to target i) biofilms, ii) by producing ex-
clusively lytic phages and iii) by targeting the antibiotic resistant gene to regain the sensitivity
against antibiotics.

3.5. Phage Cocktail/ Cocktail+Antibiotic
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Phage treatment is most appealing sinceit can be applied to get rid of antibiotic-re-
sistant bacteria[151]. There is no cross-resistance between antibiotics and phages because
the processes by which phages and antibiotics eliminate the bacterial pathogens are fun-
damentally different from one another. Administration of a single phage may not be ef-
fective in eradicating the target bacteria and can lead to the emergence of resistance. How-
ever, this can be overcome by using a phage cocktail. A combination of six phages has
been demonstrated to effectively treat sepsis in Galleria mellonella models and respiratory
P. aeruginosa infections in mice [152]. In theory, phages can lyse both antibiotic-sensitive
and -resistant bacteria with equal effectiveness. In addition, phages and antibiotics can be
used in conjunction to treat bacterial infections [153]. Research has also demonstrated that
the co-administration of phages and antibiotics restores antibiotic sensitivity [154]. In a
case study, phage and ceftazidime antibiotic were administered directly to an aortic pros-
thetic graft patient that had been infected with P. aeruginosa. The infection was success-
fully treated and could potentially be eradicated [155]. According to Kirby's research,
treating Staphylococcus aureus with gentamicin and phage SA5 together is more effective
than using gentamicin or SA5 alone [156]. Similarly, when phage LUZ7 and streptomycin
were administered together rather than individually, Pseudomonas aeruginosa titers were
reduced [157]. Same results were observed in a mouse model for diabetes where S. aureus
was infected on each mouse's hind paw [158]. When phage MR-10 and linezolid were used
to treat the infections simultaneously, the most significant decrease in the bacterial titer
was observed [158]. It has been demonstrated that the combined therapy employing
ciprofloxacin and phage KPO1K2 can effectively halt the establishment of resistant vari-
ants in vitro, in addition to eradicating Klebsiella pneumoniae biofilms [159]. Researchers
have discovered OMKOJI, a lytic phage that attacks Pseudomonas aeruginosa by attaching
to its outer membrane porin M (OprM) receptor. The P. aeruginosa antibiotic efflux pump
contains an OprM channel. As a result of phage OMKOT1 infection, OprM mutations that
compromised its efflux function were selected to restore antibiotic sensitivity in P. aeru-
ginosa. Recent research has discovered a phenomenon known as phage-antibiotic synergy
(PAS), which causes host bacteria to produce more phages when treated with a phage plus
sub-lethal dosages of specific antibiotics [160, 161].

Phage cocktail

Phage-antibiotic synergy

Figure 8. Schematic representation of phage cocktail and also phage & antibiotic combination.

4. Phage therapy in clinical trials
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Phage therapy is a promising treatment for persistent bacterial infections and is un-
dergoing clinical trials. Spray-dried phage formulations have also been extensively tested
for use in inhalational therapy of P. aeruginosa lung infections [155, 162]. Even Phase I/II
trials were completed in Belgium, France, and Switzerland and focused on P. aeruginosa
associated with infected burn wounds [163]. To improve patient outcomes, an individu-
alized phage cocktail was administered intravenously in a recent case study of infection
caused by MDR-A. baumannii infections at the craniectomy site [164]. Phages were admin-
istered to patients with venous leg ulcers in a limited phase I safety study, and researchers
have also reported safety and no adverse effects associated with phage delivery [67]. A
trial targeting bacteriophage consumption as a prebiotic for gastrointestinal illnesses was
completed in the US.

Table 5. Clinical Trials of Phage therapy for various infectious diseases [165].

Conditions Intervention Phases
Prosthetic joint infection/bacterial _. .
infections Single phage/phages cocktail Phase 1/phase 2
Atopic dermatitis Single phage/phages cocktail Phase 1/phase 2
Venous leg ulcers phage cocktail Phase 1
Infectlou.s dlse.ase/bactenal Phage lytic enzymes Phase 1/phase 2
infections
Wound infection phages cocktail Phase 1/phase 2
Diabetes/diabetic foot phages cocktail Phase 1/phase 2
Urinary tract infection, bacterial ~ Single phage/phages cocktail Phase 1/phase 2
Cystic fibrosis/lung infection phage cocktail Phase 1/phase 2
Acute tonsillitis Single phage Phase 3
Cystic fibrosis Single phage Phase 1/phase 2
Prosthetic joint infection Single phage/phages cocktail Phase 1/phase 2
Osteomyehtls/dwfb.etlc foot Single phage/phages cocktail Phase 2
osteomyelitis
Prosthetic joint infection Single phage/phages cocktail Phase 2/phase 3
Necrotizing enterocolitis/microbial
substitution Fecal phages transfer Early Phase 1
E. coli infections/bloodstream .
infection Phages cocktail Phase 1

5. Conclusions

Phages have certain advantages and disadvantages that have been explored, and can
be utilized to combat resistant bacterial strains. Wild phages cannot be directly applied
for therapeutic purposes using phage therapy because they may not be able to meet the
characteristics required for phage therapy. However, various advancements in genetic en-
gineering, can be used to overcome some of these limitations. There are various methods
for phage engineering, some of which are described in this review. These methods can be
time-consuming, labor-intensive, and may require some modifications for an improved
screening of recombinant phages. Still some engineered phages have shown effective re-
sults and have filled the gap between laboratory and therapeutic purposes. Phages and
phage-derived proteins, such as endolysins and hydrolases, have been proven to be effec-
tive in combination with antibiotics to target resistant bacteria. Phages are highly spe-
cific and only target the host bacteria and do not affect the other useful gut microbiota,
unlike the long-term use of antibiotics, which causes the destruction of the target host and
other symbiotic bacteria. Currently, phage therapy is administered in combination with
antibiotics or as a phage cocktail. Since antibiotics have a broad spectrum whereas "cock-
tail therapy," is personalized to have more effective results than individual
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administrations. Much effort is needed to increase the effectiveness of phage cocktails on
a large scale, or to generalize phage cocktails. This raises the cost of production because
the cocktail design depends on the patient’s health condition, medications, and duration
of infection. There are further known risks associated with phage therapy, including the
likelihood of virulence or antibiotic resistance genes being transferred to infected bacteria,
which could result in concerns, including the establishment of extremely pathogenic
strains.

The Antibacterial Resistance Leadership Group (ARLG) provided advice on possible
clinical circumstances, laboratory evaluations, and pharmacokinetics that may need to be
considered while using phage therapy. Administration route, dose, frequency, and dura-
tion are some of the factors thathave shown that an ideal methodology still needs to be
explored. For any given method of administration or a particular illness type, there are
currently insufficient data to offer a definite prescription on the best frequency and dura-
tion of phage therapy. However, the available data indicate that phages must be adminis-
tered regularly to maximize their concentration at the infected site. The amount and time
frame required may change depending on factors such as phage products, pathogens, the
severity of the illness, and the site of infection.

Although clinical success demonstrates that the phage therapy is tolerable, in some
cases, effective clinical functionality still needs to be defined carefully. Most recent human
data generation has been performed on a single patient, with compassionate use based on
the lack of well-controlled clinical trial data and complex regulatory frameworks. How-
ever, the use of naturally occurring phages has been limited. Fortunately, recent advances
in phage genome engineering have helped overcome these limitations, including expand-
ing the phage host range for improving phage treatment and impeding the immunodom-
inant epitope of the phage capsid to remove the immune response against phages and,
consequently, generate accurate and consistent variants against infectious diseases. It is
challenging to draw firm conclusions on the effectiveness of phages alone because the
majority of studies incorporate the concurrent use of antibiotics. However, the investiga-
tion of the pairing of phages and antibiotics is supported by the compassionate use of
human data, and represents a potential route for near-term clinical advancement.

There is no one-size-fits-all solution available. Therefore, building models specifically
for phages through collective efforts will undoubtedly improve health. Furthermore, we
must never forget how crucial it is to maintain the highest levels of efficacy, quality, and
safety, despite the difficulties posed by regulatory standards. It is crucial for researchers
and healthcare professionals to discuss with essential regulatory agencies and to advance
this field as quickly as possible. Consequently, animal studies and clinical cases continue
to be the main focus of current research. Phage treatment has shown good efficacy and
safety in these tests, but many issues still needs to be resolved before it can be used in
healthcare situations.
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