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Abstract

The discovery and commercialization of antibiotics marked a new era in medicine, revolutionizing healthcare, improving
quality of life, and increasing life expectancy for humankind. However, this revolution has led to the emergence of antibiotic
resistance genes among bacterial populations, resulting in resistance to common antibiotics, including p-lactams, aminogly-
cosides, chloramphenicol, and tetracycline. This situation weakens the effectiveness of standard antibiotics in treating com-

mon infections.

Concerns about the possibility of returning to a pre-antibiotic era have prompted scientists and clinicians to search for new
antibiotics or alternative treatments for antimicrobial resistance in bacteria. Phage therapy is being reintroduced as an alter-
native to antibiotic treatment for pathogenic microorganisms. Addressing this critical issue in modern medicine requires in-

novative approaches.

Researchers have proposed two primary strategies for phage therapy over the past few years. The first involves formulating
engineered bacteriophages as sequence-specific antimicrobials that can effectively kill pathogens, including phage-resistant
mutants. We refer to this method as Smart-Antimicrobials (SAM) in this report. The second strategy involves using spe-
cies-specific bacteriophages in combination with antibiotics, known as Antibiotic-Phage Combination (PAC) therapy. This

approach applies dual selection pressure to combat antimicrobial resistance (AMR) in pathogenic bacteria.

The article reviews both historical and contemporary uses of phage therapy, highlighting that phage cocktails can be utilized
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in clinical and commercial contexts, potentially offering solutions for infections that antibiotics can no longer effectively
treat. Despite the promise of phage therapy, challenges remain, particularly concerning regulatory frameworks in Western
medicine. We propose a regulatory approach similar to that for vaccine development, allowing for periodic adjustments to
formulations based on emerging infections. This strategy could facilitate the integration of phage therapy into modern medi-

cal practice and address the urgent need for new antibacterial treatments.

Keywords: CRISPR-Cas system, Smart Antimicrobials (SAM), Antimicrobial Resistance (AMR), Phage Therapy, Priority
Pathogen, Phage-Antibiotic Combination (PAC) Therapy, Phage Cocktail.

1. Introduction

Since the late 1930s, the global consumption of antibiotics has reached approximately 200,000 tons annually [1,2]. This exten-
sive production and application of antibiotics across various domains, including healthcare, agriculture, and horticulture, have
contributed to a notable decline in bacterial susceptibility to these agents. This decline is primarily due to the emergence of
antibiotic resistance genes within bacterial populations, resulting in resistance to commonly utilized antibiotics such as p-lac-

tams, aminoglycosides, chloramphenicol, and tetracycline [3].

The increasing prevalence of Antibiotic Resistant Pathogenic Bacteria (ARPB) and Multi-Drug Resistant (MDR) organisms pos-
es a significant threat to public health [4], raising concerns about a potential return to the “pre-antibiotic era,” characterized by
inadequate treatment options for bacterial infections. Both the Centers for Disease Control and Prevention (CDC) and the
World Health Organization (WHO) have recognized antimicrobial resistance (AMR) as a critical global health issue [5,6]. This
concern was further emphasized during the United Nation General Assembly meeting on September 21, 2016, where AMR was

described as “the greatest and most urgent global risk” [7].

In response to this pressing challenge, the Indian Priority Pathogen List (IPPL) was created through a collaborative effort in-
volving the Department of Biotechnology and WHO India, officially released on March 9, 2021[8]. Additionally, the Govern-
ment of India has classified AMR as an inter-ministerial priority, acknowledging the need for a coordinated national response

to this pervasive health threat.

The rise of antibiotic resistance genes among prevalent bacterial strains, including Enterococcus faecium, Staphylococcus au-
reus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter species—collectively re-

ferred to as ESKAPE [9] pathogens—has significantly compromised the efficacy of essential antibiotics.

Furthermore, the emergence of escape mutants resistant to bacteriophages presents an additional challenge. Genetic analyses in-
dicate that genomes of various pathogenic microorganisms frequently contain integrated prophage sequences [10] and the ge-

nomic structures of many bacteriophages exhibit extensive mosaicism [11].

To combat AMR in pathogenic bacteria effectively, the reverse-engineering of Clustered Regularly Interspaced Short Palin-
dromic Repeats (CRISPR) and CRISPR-associated proteins (CRISPR-Cas) represents a promising approach. This methodology
can facilitate the targeted modification of antibiotic resistance genes and their associated plasmids, thereby re-sensitizing bacte-
ria to antibiotics and enhancing understanding of the modular evolution of bacterial populations and related bacteriophages
[12].

This strategic initiative aims to address AMR in pathogenic microorganisms through selective targeting and sensitization in the

following manners:
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L. The utilization of programmed CRISPR-Cas-based nucleases to target antibiotic resistance genes located on plasmids will en-

able the selective elimination of pathogenic microorganisms while preserving the beneficial microbiota.

I1. This approach is also intended to alleviate both hospital-acquired and community-acquired nosocomial infections, thereby

contributing to the restoration of effective treatments for bacterial infections.

2. Therapeutic Bacteriophage

The bacteriophage, a virus that infects bacteria, was formally rediscovered and named by the French scientist Felix d'Herelle in
1917 [13] during his tenure at the Pasteur Institute in Paris. Presently, phage therapy is being reexamined as a viable alternative
to antibiotics for the treatment of bacterial infections. This therapeutic approach involves employing bacteriophages to target
and eliminate pathogenic bacteria directly at the infection site. It is noteworthy that this method of treatment predates the dis-

covery of antibiotics in the late 1930s [14].

However, after World War II, the scientific community's interest in phage therapy diminished, as antibiotics emerged as the
preferred treatment modality for bacterial infections. While antibiotics have remained in use to the present day, the rise of
antibiotic-resistant pathogens and multidrug-resistant (MDR) bacteria, including Methicillin-resistant Staphylococcus aureus

(MRSA), has raised significant concerns within both the scientific community and society at large.

Thus, there exists an urgent imperative to develop alternative strategies for the prevention and management of antibiotic-resis-

tant pathogens, with the pursuit of phage therapy posited as a potentially vital component of our medical arsenal.

To facilitate a comprehensive understanding of this subject, Table 1 compares the prophylactic and therapeutic applications of
phages versus antibiotics. Table 2 summarizes published findings on the effectiveness of phage therapeutics in human and ani-
mal models. Finally, Table 3 enumerates current market products related to phages and phage therapy, reflecting the renewed

interest in this innovative area of medical research.

Table 1: Comparative analysis of antibiotics and bacteriophage as therapeutic agents

Antibiotics Bacteriophage References

Antibiotics have a non-specific action, which
means they target both harmful pathogens and
the normal flora in the patient’s body. This can

create an imbalance and potentially lead to
secondary infections, such as yeast infections.
Additionally, side effects like allergies and
intestinal disorders are also associated with the
use of antibiotics.

Bacteriophages specifically target pathogenic
bacterial species, minimizing secondary
infection risks by preserving normal flora. [15]
No side effects or secondary infections have
been reported in phage therapy.

The antibiotics are quickly metabolized and
eliminated by the host, resulting in a
bioavailability of less than 10% at the infection

The bacteriophage replicates itself inside the
bacteria at the site of infection, making it [16]
readily available for use.

site.
The bacterium may develop resistance to Bacteria that are resistant to one type of
antibiotics by acquiring resistant genes after phage may remain susceptible to another [15]
prolonged usage. phage that targets a similar feature.

Selecting phages against phage-resistant and
multidrug-resistant bacteria is less time-
consuming and cheaper. This can be
accomplished within a week or less.

Developing new antibiotics to combat
antibiotic-resistant bacteria will be costly and
time-consuming.

[17,18]

Annex Publishers | www.annexpublishers.com Volume 13 | Issue 1



Journal of Immunology and Infectious Diseases

Table 2: Existing findings of Phage therapy

D
Disease . . Study Mode of . (,)56/ . Clinical
s Causative organism . Administration . References
conditions model delivery findings
of phage
) . 7 All patients
Dysentery Shigella dysenteriae | Human oral 1x10 cfu/ml recovered [14]
Significant
. Mpycobacterium . . 7 decrease in
Tuberculosis ruberculosis Mouse inhalation 5x10 cfu/ml lungs bacterial [56]
load
IP/IM Significant
Pseudomonas (intraperitoneal 6 reduction in
Sepsis aeruginosa Murine Jintra muscular | 2X10 cfu/ml l?acterlal lgads [19,57]
N in lungs, liver
injection)
and spleen
. . . Reduced
Bacteremia Vancomycin-resistant Mouse Intraperitoneal 5 109 fu/ml mortality by [20]
Enterococcus faecium injection X0 clu/m
100%
B -lactamase Intraperitoneal Reduced
9
Bacteremia | producing Escherichia | Murine rapert 5x10 cfu/ml mortality by [21]
. injection
coli 100%
. . . Reduced
Bacteremia Imipenem-resistant Murine Intraperitoneal il s fu/ml mortalitv b [22]
P. aeruginosa injection x10 cfu/m Yoy
100%
Reduced
. mortality by
ingiti . Int t 1 g
Menlnglt.l s Escherichia coli Murine | - operionea 5x10 cfu/ml 100% for [23]
and Sepsis injection NN
meningitis50%
for sepsis
Wound .. | Subcutaneous s Infection
infection S. aureus Rabbit injection 6x10 cfu/ml prevented [24]
Diabetic foot . 8 100% recovery
ulcer MDR S. aureus Human Topical 6x10 cfu/ml | £ he patient [25]
Vibrio Intraperitoneal 7
" M o
Gastroenteritis parahaemolyticus ouse injection 2x10 cfu/ml | 56% recovery [58]
5 times
decrease of
typhoid cases
. . s compare to
Typhoid Salmonella typhi Human oral 1.5x10 cfu/ml ol i ebo [26]
(18577
children
cohort)

The world of therapeutic bacteriophages is utterly captivating, offering a unique glimpse into the interplay between viruses and
bacteria. Most therapeutic phages are classified under the order Caudoviridae, which is further divided into three notable fami-

lies: Siphoviridae, Myoviridae, and Podoviridae [40].

Phages from the Siphoviridae family are characterized by their long, slender, non-contractile tails. These phages typically exhib-
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it temperate behavior, which means they often enter a lysogenic cycle after infecting their bacterial hosts. This trait, while inter-

esting, makes them less suitable for therapeutic applications, as they do not immediately kill the bacteria.

In contrast, members of the Myoviridae and Podoviridae families possess distinct structural characteristics that enhance their
therapeutic potential. Myoviridae phages feature contractile tails that allow them to effectively penetrate bacterial cells, leading
to a rapid lytic cycle—wherein they actively replicate and subsequently destroy their bacterial hosts. On the other hand, Po-
doviridae phages possess shorter non-contractile tails and also engage in a lytic cycle upon infection, further establishing their

effectiveness in phage therapy.

Moreover, it is important to recognize that therapeutic bacteriophages can be categorized into seven distinct types. This classifi-
cation is based not only on the methods of application and types of formulations but also on the regulatory frameworks they
navigate in modern medicine. Each type plays a crucial role in the ongoing exploration and application of phage therapy as an

innovative solution to combat bacterial infections.
i) Monophage

The monophage approach employs a single type of bacteriophage specifically tailored to target a distinct strain or species of bac-
teria. This method is particularly advantageous when a particular pathogen has been accurately identified, allowing for a pre-
cise match between the bacteriophage and the bacterial invader. The administration process is typically straightforward, mini-
mizing the risk of adverse interactions that can arise from using multiple phages simultaneously. However, the narrow spec-
trum of monophage therapy may pose challenges, especially in situations where bacteria mutate or when a variety of strains

contribute to an infection [41].

ii) Polyphage or Phage Cocktail

In contrast, the polyphage approach consists of a carefully selected combination of multiple phages, aimed at addressing a
wider array of bacterial strains or species. This strategy is especially useful for treating infections characterized by diverse bacte-
rial populations or when the exact strain remains uncertain. By incorporating a broader spectrum of phages, the likelihood of ef-
fectively combating the infection is significantly enhanced, while simultaneously decreasing the chances of bacterial resistance
emerging. Nevertheless, the development of polyphage cocktails is inherently more complex, potentially resulting in higher

costs of production and navigating stringent regulatory hurdles [42].

iii) Customized or Tailored Phage

The customized or tailored phage therapy focuses on individualizing treatment plans for patients by selecting specific phages
from a phage bank, based on the unique bacterial strains isolated from their infections. This method is particularly advanta-
geous in the realm of personalized medicine, especially for patients suffering from infections that resist conventional treat-
ments. While this tailored approach can significantly boost treatment efficacy against the specific strain responsible for the in-
fection, it demands advanced laboratory capabilities and extended timeframes to identify effective phages, as well as a well--

maintained and diverse phage bank [43].

iv) Preformulated or Off-the-Shelf Phage Cocktails

Preformulated or off-the-shelf phage cocktails are standard formulations designed to address common types of infections
rather than targeting specific bacterial strains. These cocktails are particularly suitable for routine infections where the variabili-
ty of bacterial strains is already understood, creating a readily accessible treatment option. While they offer consistency and

ease of availability, their effectiveness may be compromised against unique or resistant bacterial strains that are not included in
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the formulation [44].

v) Modifiable Phage Cocktails

This category encompasses standardized phage cocktails that are periodically updated with new phage strains to ensure ongo-
ing effectiveness against evolving bacterial populations. An exemplary practice is seen in countries like Georgia, where prod-
ucts such as "Pyophage" and "Intestiphage" are routinely modified to match the most prevalent or virulent bacterial strains.
This approach provides a solid balance between the immediate accessibility of off-the-shelf formulations and the adaptability
needed to respond to shifting patterns of bacterial resistance. However, the necessity for continuous monitoring and updates in-

troduces complexities in maintaining regulatory compliance and production consistency [45].

vi) Genetically Modified or Engineered Phages

Genetically modified or engineered phages represent a cutting-edge strategy, involving the alteration of bacteriophages at a ge-
netic level to enhance their efficacy. Such modifications can expand the host range of the phages, reduce the likelihood of bacte-
rial resistance, or improve the stability of the phages in various environments. Although currently largely experimental, this in-
novative approach harbors the potential to target particularly resistant bacterial strains more effectively. Nevertheless, it faces

substantial regulatory scrutiny and ethical dilemmas associated with the implications of genetic modification [46].
vii) Oral, Topical, and Systemic Phage

Phages can also be classified based on their route of administration: oral (for gastrointestinal infections), topical (for treating
wounds or skin infections), or systemic (for addressing bloodstream infections). Each of these routes is specifically suited to dif-
ferent types of infections, and the chosen delivery method can significantly influence the stability and overall efficacy of the
phages. Targeted delivery mechanisms are designed to aim phages directly at infection sites, thereby enhancing patient out-
comes. It's important to note that phage stability can vary considerably depending on the administration route; for instance,
oral phages need to endure the acidic environment of the stomach, whereas systemic applications must utilize highly purified

phages to mitigate potential immune reactions [47].

In the evolving landscape of modern medicine, these various phage therapy classifications serve as the foundation for innova-
tive and targeted therapeutic strategies. These therapies can be integrated with existing antibiotic regimens or stand alone as
crucial tools in the fight against the escalating issue of antibiotic resistance. Regulatory frameworks are adapting to these di-
verse methodologies, striving to find a balance between therapeutic efficacies, safety considerations, and ensuring broad accessi-

bility for patients.

Table 3: Products related to phage and phage therapy currently available in the market

No. Applications Product name Company

Treatment of Topical

1. infection (Staphylococcus | a) PhagoBioDerm b) Phagoderm a) Intralytix, Republic of Georgiab)

Micro World, Russia

aureus)

Treatment of purulent . a) Eliava

2. infection(Pseudomonas 3) PYOSEaf:eE:pelqage b) BioPreparationb)Biochimpharm,
auroginosa) praphag Republic of Georgia

Treatment of diartheal a) Intesti Bacteriophage b) a) Eliava BioPreparationb) Microgen,

3 infections(Salmonella Dysentery Bacteriophage c) Russiac) Biochimpharm , Republic of
. i) Travelphage (from); d) Intesti Georgiad) Microgen, Russiae)
ypht Bacteriophage e) Intestifag NeoProbioCare, Ukraine
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a) ListShield (targeting Listeria
monocytogenes); b) EcoShield
(targeting Escherichia coli); c)
SalmoFresh (targeting highly

4. Food safety pathogenic Salmonella-
serotypes); and d) ShigaShield
(targeting three major Shigella

species; S. flexneri, S. sonnei and

S. dysenteriae)

A systematic review on the topical application of phage therapy revealed that phages can be used in various forms, such as
sprays, droplets, or soaked bandages and gauze, with concentrations ranging from 1076 to 1010 phages per milliliter for treat-

ing different types of topical or cutaneous infections [48]. For example, PhagoBioDerm utilizes a hydrogel for phage treatment.

3. CRIPR-Cas System

There are three types of CRISPR-Cas systems present in bacteria: Type I, Type II, and Type III. Each type is characterized by its
unique Cas (CRISPR-associated) protein. For example, the Type I CRISPR system is associated with Cas3, the Type II system
with Cas9, and the Type III system with Cas6 nuclease. The Proto Spacer Adjacent Motif (PAM) plays a crucial role in recogniz-
ing the proto-spacer of the invading genome in the Type I and Type II systems. In contrast, the Type IIT CRISPR-Cas system
does not rely on the PAM sequence for the incorporation of proto-spacers into the CRISPR locus.[31]

The CRISPR-Cas action occurs in three stages:
i. Adaptation

ii. Expression

iii. Interference

In the Type I CRISPR system, the Cas3 nuclease is involved. The PAM sequence aids in the integration of the proto-spacer
from the invading genome into the CRISPR locus of the cas operon. Once integrated, the proto-spacer is referred to as a spacer
sequence. The CRISPR locus containing the spacer undergoes transcription to produce a CRISPR RNA transcript known as cr-

RNA. The crRNA, in combination with Cas3, directly targets and cleaves the invading DNA within the spacer sequence [28].

The Cas9 protein is the double-stranded DNA nuclease associated with the Type II CRISPR immune system in bacteria. When
a bacterium is invaded by a bacteriophage, the PAM helps incorporate the proto-spacer of the invading genome into the CRIS-
PR locus, forming spacers. The CRISPR locus with the spacers is then expressed to produce crRNA. The CRISPR-associated
complex that defends the host bacterium becomes activated, binding to the crRNA, which is subsequently cleaved by the house-
keeping RNase III in the presence of Cas9 proteins. In this system, crRNA combined with Cas9 directly targets the invading
genome [30,34], Fig.1.

The prominent distinction between the Type III system and the Type I and II systems is that the incorporation of proto-spacers
into the CRISPR locus does not require PAM sequences in the Type III system. The role and mechanism of how PAM se-
quences help recognize proto-spacers in the Type I and Type II systems remains unclear. Once the proto-spacers are integrated
into the CRISPR locus with the involvement of Casl and Cas3, they are termed spacers and undergo transcription to form crR-
NA. The crRNA associated with Cas9 can cleave both DNA and RNA of the invading genome through the subtype III-A and
subtype III-B systems. The subtype III-A system specifically targets and cleaves invading DNA, while the subtype III-B system
cleaves invading RNA [33].
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Figure 1: Scheme for Sensitization and Elimination of AMR Bacteria

4. CRISP-Cas based sequence specific antimicrobials

Recent research suggests that bacteriophages possess their own CRISPR systems, which allow them to evade the immune de-
fenses of their hosts. The CRISPR sequence can be engineered to target bacterial or plasmid genomes and delivered to the host
via bacteriophages using a phagemid vector. Phagemids are designed to be encapsulated within the phage capsid, facilitating
the transfer of reprogrammed CRISPR-Cas antimicrobials into the host bacterium through a process known as transduction
[27,35].

These engineered plasmids specifically target antibiotic resistance genes present in the host's genome or in plasmids carrying
such resistance genes. The CRISPR-Cas antimicrobials are sequence-specific, meaning they precisely target the antimicrobial re-
sistance (AMR) genes in the host bacteria. One scientific report indicates that a reprogrammed CRISPR-Cas9 nuclease was util-

ized to specifically target the staphylococcal plasmid that contains the aph-3 kanamycin resistance genes [29,32,].

These sequence-specific antimicrobials represent a groundbreaking approach to addressing AMR in pathogenic bacteria. We re-
fer to them as smart antimicrobials (SAM) because they can both target specific virulent bacterial populations and immunize

avirulent populations, thus preventing the spread of plasmid-mediated resistance within bacterial communities [37].

5. Phage-Antibiotic combination (PACs) therapy

To survive the selective pressure of antibiotics, bacterial populations acquire random mutations in their genomes through natu-
ral selection. These mutant traits are then passed down to their offspring, ultimately leading to the evolution of an entirely new
generation that is resistant to antimicrobial agents (AMR). Bacteriophages possess the capability to bypass the resistance devel-

oped under the selective pressure of antibiotics [38].

Evidence shows that bacteria can develop resistance against both antibiotics and bacteriophages through various mechanisms,
such as Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) and Restriction-Modification systems. These im-

mune responses evolved in prokaryotes as survival strategies against bacteriophages.

Using CRISPR-Cas antimicrobials in conjunction with antibiotics creates two distinct selective pressures on bacterial growth.
This dual approach forces the bacterial population to further adapt and mutate. Additionally, reverse-engineered phages can ei-
ther kill or sensitize resistant bacteria, making them susceptible to traditional antibiotics. This combination strategy is likely to

be more effective than using either method alone, as it facilitates targeted killing or sensitization of resistant strains [39].
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Phage cocktail as personalized therapeutics

The specificity of a therapeutic phage formulation can be established at the time of drug approval or can remain adaptable for
future reformulation. This distinction highlights the contrast between a "one-size-fits-all" approach and a personalized medical
approach in phage therapy. These approaches are referred to as ‘prét-a-porter’ (ready-to-wear) and ‘sur-mesure’ (custom--
made). Additionally, there is a "modifiable" middle ground between these "off-the-shelf" and "bespoke” strategies, which will be

explored further in this section.

With the rise of personalized medicine, omics-based diagnostics—technologies that analyze biological data such as genomics
and proteomics—are increasingly being used in clinical settings. These tools provide insights into disease risks and support the
development of tailored prevention and treatment plans. Phage therapy could leverage omics technologies to create custom
cocktails aimed at specific bacterial infections in patients. However, due to our limited understanding of phage-bacteria interac-
tions, this approach might currently only suggest potentially effective phages rather than guarantee their efficacy. In the short
term, phage-based methods for identifying bacteria, along with well-established phage libraries, may offer practical alternatives,

although personalized phage therapy could still take days to initiate [49,50].

Table 2 outlines several broad strategies for treating bacterial infections. Personalized phage therapy can involve using phages
from a phage bank (monophage therapy) or developing customized, patient-specific phage cocktails (sur-mesure cocktails). Al-
ternatively, preformulated single cocktails, known as ‘prét-a-porter’ cocktails, represent the opposite end of the spectrum, offer-
ing a standardized product for each infection type. This standardized product aims to include a broad enough range of phages
to target common bacterial strains associated with the infection. However, without the option of personalized or alternative
phage formulations, préte-a-porter cocktails may fail if the bacterial strain is not susceptible. This standardized model aligns
with the ‘western pharmaceutical model’ of phage therapy, which addresses regulatory and practice-based needs for consisten-

cy in drug formulations across different times and locations [51,52].

Between these extremes, there are intermediate approaches. One involves developing multiple preformulated cocktails, each
tailored to a single bacterial species rather than to broad, multi-species infections. This way, treatments could start with cock-
tails targeting the most probable bacteria, shifting to cocktails for other species if the initial treatment is ineffective. This cock-
tail bank model strikes a balance by using fewer types of phages overall, although it requires higher costs for development, pro-

duction, and distribution [53].

The second intermediate approach avoids the complexity of multiple cocktails and highly personalized options by using a sin-
gle, adaptable cocktail that can be modified over time. This method, seen in the former Soviet Republic of Georgia, involves
‘prét-a-porter’ phage products with relatively stable formulations that are updated periodically. For example, ‘Pyophage’ targets
bacteria such as E. coli, Proteus, Pseudomonas, Staphylococcus, and Streptococcus for treating wound infections, while ‘In-
testiphage’ addresses gastrointestinal infections by targeting over a dozen pathogens. These cocktails are often revised twice a
year, adding phages to address the most current bacterial strains and adapting existing phages to combat phage-resistant bacte-
rial strains, thereby extending the lifespan of effective phage isolates. These formulations can vary by region and manufacturer,

allowing for some local customization [54].

7. Regulatory issues

Phage therapy is currently in its early clinical stages in both Southeast Asia and the English-speaking Western world. This inno-
vative approach is gaining attention as it signals the dawn of a new era in alternative medicine, particularly in the battle against
antimicrobial resistance (AMR) in bacterial infections. However, a significant challenge lies in the absence of a defined regulato-

ry pathway for the approval of programmed bacteriophages as therapeutic agents in these regions. This regulatory gap poses a
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formidable barrier to the advancement and wider adoption of programmed phage therapies. To address this challenge effective-
ly, we propose the establishment of a comprehensive protocol that fosters collaboration between researchers and regulatory
agencies. Such a framework would be crucial in navigating the complexities of regulatory approval and promoting the develop-

ment of safe and effective phage-based treatments [55].

8. Conclusion

Phage therapy is an innovative treatment approach that leverages the natural ability of bacteriophages, or phages, to target and
eliminate specific bacteria. The process begins with the application of sericin films integrated with lytic phages to the surface of
a wound. When these phages come into contact with their specific bacterial hosts, they attach to the bacteria and inject their nu-
cleic acid into the bacterial cells. The phage genome then utilizes the bacteria's cellular machinery to replicate and assemble
new phage particles. As the process concludes, the bacterial host cell undergoes lysis, releasing a multitude of new phages that
can then infect other bacterial cells in the wound, effectively eradicating the harmful bacteria and facilitating the healing pro-

CESS.

In addition to phage therapy, the bacterial population often develops resistance to antibiotics through random mutations driv-
en by natural selection, which helps them survive the selective pressure imposed by these treatments. The use of CRISPR-Cas
antimicrobials, in conjunction with antibiotics, introduces two distinct forms of selective pressure that can influence bacterial
growth. Notably, reverse-engineered phages can either directly kill resistant bacteria or sensitize them, making them vulnerable
to conventional antibiotics. This combination strategy is expected to be significantly more effective than using either method

alone for the targeted elimination or sensitization of pathogenic bacteria in humans.

While monophage therapy (using a single type of phage) has shown promise, researchers are increasingly using phage cocktail-
s—mixtures of different phage types—to expand the range of bacteria that can be targeted and to reduce the development of

phage-resistant bacterial strains.
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