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Abstract

The prevalence of multi-drug resistant (MDR) bacterial strains renders conventional antibiotics in-
effective, thus, bacteriophages are gaining popularity as attractive solutions for bacterial infections through
phage therapy. This mini-review provides an overview of the diverse approaches in administering phage
therapy, the development of phage therapy techniques, and its prospects and challenges for future clinical
applications in treating MDR bacterial infections. Selected journal articles derived from several databases
were screened using the Cochrane Risk of Bias Tool and the Newcastle-Ottawa Scale to ensure the relia-
bility of the sources of literature. Several studies demonstrated that the success of phage therapy against
the various MDR bacteria primarily depends on selecting an appropriate bacteriophage because of its high
specificity in its host range. Recent advances in phage therapy include efficient strategies for isolation and
characterization, genetic modification, phage formulation, therapeutic approaches, and clinical trials. While
there is promise in employing phage-antibiotic synergy in managing MDR infections, gaps in the bacterio-
phage selection, resistance development, and pharmacokinetics must be addressed to apply phage therapy
on a larger scale. Future research is most likely geared to focus on genetically engineering bacteriophages
to overcome these limitations.
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Pesrome

PasnpocTpaneHneTo Ha MyITH-TIEKapcTBeHO-pe3ucTeHTHH (MJIP) GakTepuanHu mamMoBe MpaBu KOH-
BEHIIMOHAJIHUTE aHTUOMOTHIIN Hee(EKTUBHU, TIOPAIU KOeTo OakTepruodarute Habupar MmomnyaspHOCT KaTo
aTpaKkTUBHU pellleHus 3a OakTepuanHu uHpekuuu upe3 darosa Tepanus. To3n MUHH-0030p MPEAOCTaBS
001 Mperie]] Ha Pa3IMYHUTE ITOIX0IU IPH MIPUIIAraHeTo Ha (haroBa Tepanus, pa3paboTBaHETO HA TEXHUKH
3a ¢haroBa Teparnus 1 HeHHUTE NEPCIEKTUBU U MTPEIU3BUKATEIICTBA 32 ObACIIU KIMHUYHHU IPUIIOKEHUS TTPU
neuenue Ha MJIP Gakrepuanuu undeximu. M36panu cratuu OT CCaHusl, TOTY4YeHH OT HSIKOJIKO 0a3u IaHHH,
Osixa Tperyie/laHu C TIOMOIITa Ha MHCTPYMEHTA 3a PUCK OT npucTpactusi Ha Kokpeiin u ckanara Hiokachi-
Oraga, 3a 1a ce rapaHTHpa HaJISKTHOCTTAa Ha U3TOYHUIIMTE Ha TUTepaTypa. Hskoiko npoydyBaHus IOKa3Bar,
4ye ycrnexbT Ha (haroBata Tepamus cpeily paznuuHute MJIP Gakrepun 3aBucH mpeauMHO OT M300pa Ha
MOIXOAIIH OakTeprodaru mopaan BUCOKaTa My Cielu(GpHUIHOCT B HETOBHSI rocTonprueMHUK. [locienaure
MIOCTHKEHUSI BbB (haroBara Tepanusi BKIOUBAT €(hUKACHU CTPATErny 3a M30JIMpPaHE U XapaKTepusHpaHe,
reHeTnyHa moaudukamys, ¢aroBo GopMyaupaHe, TepaneBTHUHU MOAXOAN M KIMHUYHU H3MUTBAHUS.
Brrpeku ye nma obemiaHue 3a U3IMOJI3BaHE Ha CHHEPTUS MEX Ty (aru U aHTHOMOTHUIIH TIPU yIIPABICHHETO
Ha MDR wundexuuu, npomyckute B celekuusara Ha Oakrepuodaru, pa3BUTHETO HAa PE3UCTEHTHOCT U
(hapmakoKknHETHKaTa TpsiOBa Ja OBbAAT OTCTPAHEHH, 3a Ja Ce MPUIIOXKHU (aroBara Tepamus B MO-TOJISIM
Maniab. bpaemmre u3cineqBaHus Hall-BEPOSTHO ca HACOYCHH KbM I'€HETUYHO WHXKEHEpHU OakTepuodarmy,
3a J1a ce MPEeo0esT Te3U OrPaHUYCHHUS.

Introduction by Alexander Flemming in 1930 established the
The success of penicillin’s drug development  clinical relevance of antibiotics and sparked re-
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search into natural products that inhibit microbial
growth (Hutchings et al., 2019). Since then, mod-
ern medicine has relied on antimicrobials to prevent
and treat various infectious diseases (Dadgostar,
2019; Bakkeren et al., 2020). However, the over-
use and misuse of antibiotics in human and veter-
inary medicine, coupled with inadequate infection
control, poor surveillance, population growth, mi-
gration, and poor sanitation, have led to the rise of
multi-drug resistant (MDR) bacteria (Sekyere and
Asante, 2018; Bakkeren et al., 2020). These path-
ogenic strains generate resistance either by spon-
taneous mutations in internal chromosomal genes
or by acquiring exogenous plasmid via horizontal
gene transfer that can render antibiotics ineffective
by secreting bacterial enzymes that chemically al-
ter the antibiotic molecule, modifying its target site,
and reducing cell permeability and efflux (Munita
and Arias, 2016; Murray ef al., 2022).

As the world is in its post-antibiotic era, an-
timicrobial resistance poses a global public health
concern, claiming 700,000 lives in 2014 (Sekerye
and Asante, 2018). Without intervention, its pre-
dicted mortality will reach 10 million by 2050,
which compels the scientific community to formu-
late and develop a solution against MDR bacterial
infections (Bassetti et al., 2017).

Recently, phage therapy has received renewed
attention as a therapeutic alternative to convention-
al antibiotics (Cui et al., 2019). Its development
during the 1950s was halted due to the insufficient
understanding of phage biology (Abedon, 2018).
These self-replicating bacterial viruses are highly
specific, which makes them selective against path-
ogenic strains and are amenable to genetic engi-
neering - making them attractive solutions against
MDR strains and biofilms (Nobrega et al., 2015;
Ghosh et al., 2019). Further, their ubiquitous nature
makes them a cost-effective strategy. Since the cur-
rent period offers low-cost whole-genome sequenc-
ing, automated equipment for detecting the growth
of microbes, and efficient high-throughput methods
for screening hundreds or thousands of samples si-
multaneously, the characterization of test phage has
advanced immensely (Kortrigh et al., 2019). Phage
therapy has been applied to treat infections in the
urinary, respiratory, and gastrointestinal tract in
several animal models for pre-clinical trials, where-
in it was evaluated to be clinically safe (Migdzy-
brodzki et al., 2012; Melo et al., 2020).

The primary goal of this paper is to assess
the progress and future potential of phage therapy
as an alternative to traditional antibiotics in treating
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MDR infections. Specifically, the paper aims to: (1)
explore the mechanisms of phage therapy, (2) ex-
amine recent developments in phage therapy and
their relevance to case studies and clinical trials,
and (3) evaluate its benefits and challenges for the
future management of MDR infections in compari-
son to conventional antibiotics.

Overview of Bacteriophages

Bacteriophages, otherwise known as phages,
are viruses that infect bacteria as their hosts. Similar
to typical viral characteristics, they do not possess
the ability to independently replicate which calls
for the need of a bacterial host to facilitate repro-
duction. They are tiny with sizes ranging from 50-
200 nm and hold genetic material (DNA or RNA)
encapsulated within a protein capsid. Phages usual-
ly display host specificity and a single phage may
infect various species within a genus, as well as a
majority of strains within a species and occasional-
ly one or several isolates of a species. According to
Hatfull ez al. (2022), the bacterial inclination of any
specific phage is known as the host range, which
can be classified as narrow (low number of bacteri-
al isolates assist in replication) or broad (large num-
ber of diverse species or genre support replication).

Phages commonly bind to particular recep-
tors located at the surface of a bacterial cell, inject
their genetic information into the host cell, and
proceed either with the integration of this informa-
tion into the bacterial genome (temperate phages)
and subsequently performing vertical gene trans-
fer from mother to daughter cell, or by seizing the
cellular machinery of the host cell to generate new
phage progeny which leads to cell lysis (lytic phag-
es). A phage may undergo two replication strate-
gies namely: lytic or lysogenic (Lin et al., 2017), as
shown in Fig. 1.

These microorganisms are extremely ubiqui-
tous and abundant in the environment. In fact, ocean
water possesses approximately 107 phage particles
per milliliter, and an estimated roughly 10°' overall
phage particles are found in the biosphere — sur-
passing the bacterial population by around a factor
of ten (Hendrix ef al. 1999; Mushegian, 2020). The
phage population is both ancient and dynamic, and
the persistent occurrence of infections periodically
results in a complete change in the phage popula-
tion (Hendrix, 2002).

Despite their small size, a multitude of phag-
es varying in structures and sizes can be easily seen
under an electron microscope. A large bulk of the
phages perceived in the environment belong to the
order Caudovirales. In terms of their morphology,
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Fig. 1. Bacteriophage life cycles (adapted from Batinovic et al. 2019; Alsubhi 2021; Hatfull et al. 2022; Louten 2023).

phages like these generally possess a dsDNA-con-
taining head and a tail wherein the tip functions
to recognize receptors. The order consists of three
families (depending on the type of tail): Myoviridae
(contractile tails), Podoviridae (short, stocky tails),
and Siphoviridae (long, non-contractile tails) (Hat-
full et al., 2022).

History of phage therapy

The concept of employing phages in the
realm of therapeutics to combat bacterial infec-
tions has been around for over 100 years. How-
ever, the prevalence of infections caused by MDR
pathogens resulted in the rise of the popularity of
phage therapy. Dating back to the preliminary ob-
servations made on phage-mediated bacterial cell
lysis, its nature and therapeutic value have always
been frowned upon. Numerous authors suggest that
phages were discovered during the late 19th centu-
ry, thus information also presents that the independ-
ent discovery of phage was in the year 1915-1917
by Twort (Abedon, 2014). The earliest clinical trials
of using phages as antibacterial agents began soon
after the discovery and the first paper was published
as early as the year 1921 (Abedon, 2014). Freder-
ick Twort was the first to delineate the area of lysis
linked to phage infection in 1915, but the individ-
ual behind the identification of the origin of such
a phenomenon, associated the plaques to bacterial
viruses, as well as in the invention of the term “bac-
teriophage,” (“bacteria eater”’) was Felix d’Herelle.
The same individual was also the one who creat-
ed the concept of therapeutic use of phages and
is known to be responsible for the initial record-
ed clinical utilization of phage at the Paris-based
hospital — Hopital des Enfants-Malades — in 1919
wherein phages were employed as a treatment for
bacterial dysentery in four pediatric patients (Ch-
anishvili, 2012). Although there was a series of
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successful trials, d’Herelle’s primary experiments
were infamous for lacking rigorous control, and his
research was subjected to heated debate in the sci-
entific community (Wittebole ef al., 2014). None-
theless, he persisted in pioneering the use of phage
therapy in treating several diseases such as the bu-
bonic plague, cholera, and dysentery with a number
of commercial phage production plants and phage
therapy centers scattered all over India and Europe
in the early 20th century (Sulakvelidze et al., 2001).
A 1931 phage therapy trial for cholera treatment
conducted in the Punjab area of India, constituted a
cohort of 73 experimental subjects and 118 control
subjects. It was then noted by d’Herelle that a 90%
mortality rate decreased, specifically 5 in the ex-
perimental group and 74 in the control group (Cha-
nishvili, 2012). d’Herelle as well as other entrepre-
neurs were involved in the attempted commercial-
ization of phage manufacture in the United States
and Brazil, composed of phage preparations for E.
coli, Staphylococcus, Streptococcus, among others.
These were transported all over the world to amena-
ble clinicians, yet the treatment outcomes differed
in terms of success. The deficiency in soundness
made antibiotics in Western medicine seem like a
better option (Sulakvelidze et al., 2001).

The erroneous results during the initial and
many of the trials involved in phage therapy can
be correlated to a substandard comprehension of
the biological characteristics of phages. Unsophis-
ticated storage and purification protocols yielded
low concentrations of active phage and bacterial
antigen contaminants, and those that did not hold
the ability to infect the bacteria of interest were
employed in the treatment process. Moreover, the
conveyance of phages to the infection zone was
discredited as a consequence of the medical con-
straints at the time. An example of this is that the



role assumed by the innate immune response of a
patient in the elimination of active phage and the
reduction of phage therapy effectiveness was not
noted until lately; it may be a contradicting physio-
logical mechanism (Hodyra-Stefaniak et al., 2015).
Hence, phage therapy was extensively disregarded
by the vast majority of Western medicine following
the establishment of pharmaceutical antibiotics in
the 1940s. The only anomaly to such a case is in
Eastern Europe and post-Soviet states as the sub-
stantial use of phage therapy has been observed as a
treatment for antibiotic-resistant infections engen-
dered by a variety of infectious bacteria namely: E.
coli, Klebsiella, Pseudomonas, and Staphylococcus
(Morozova et al., 2018).

Mechanism of action and phage therapy
approaches

Phage therapy works by administering viru-
lent phages to eliminate pathogenic bacteria quick-
ly. This type of therapy incorporates bioengineered
phages, purified lytic phages, and lytic phages to
infect and cause bacterial lysis at the infection site.
These phages, including their lytic proteins, can
mainly provide benefits as a treatment for MDR
bacteria, which can be delivered by itself or aug-
mented with antibiotics (Hibstu ef al., 2022). There
exist various approaches to phage therapy admin-
istration, and they are as follows: (1) monotherapy
or single phage, (2) combination therapy or phage
cocktails, and (3) phage-antibiotics synergy (PAS).
Monophage vs phage cocktails

Most phage treatments have been conducted
in the laboratory using animal models as proof of
concept (Gorski et al., 2020). The rapid establish-
ment of bacterial phage resistance, even in small
groups of bacteria, could render monophage treat-
ment ineffective. In a natural environment, phages
and the bacteria they infect will evolve and adapt
to remain infectious or develop resistance. Even
though the ability of phages to surmount bacteri-
al resistance through evolution is an additional ad-
vantage over antibiotic therapy, the process may
need to be improved before monophage therapy
can be used clinically (Gordillo Altamirano and
Barr, 2019). Another issue with monophage thera-
py is that the etiological agent and the phage must
be a perfect match. This is typically performed in a
laboratory, but the lytic characteristics of phage in
vitro and in vivo are not always identical (Gordillo
Altamirano and Barr, 2019).

The capacity of a monophage to eliminate
a specific bacterial infection depends in part on
the number of bacterial species it can attack. This
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is comparable to how the spectrum of activity of
a chemical antibacterial drug affects a variety of
bacterial species. In general, monophages cannot
be used as the initial defense against bacterial dis-
eases. (Abedon et al., 2021). Increasing the range
of action beyond what a monophage is capable of
can be achieved by designing a phage cocktail that
consists of at least more than one bacteriophage to
target various types of bacteria. (Chan and Abedon,
2012).

Phage cocktails could be designed to prevent
bacteria from developing phage resistance. They
can target a single bacterial strain, multiple bacteri-
al species, and multiple strains of a single species,
wherein their activity can be quantified depending
on their breadth and depth (Abedon et al., 2021). In
designing phage cocktails, Abedon and colleagues
(2021) emphasized how it is necessary to consid-
er the breadth of the impact rather than its depth.
Since bacteriophages in combination can interfere
with one another upon coinfection, it is crucial to
remember that phage cocktails should not be ran-
dom mixtures of different bacteriophages when
developing cocktails against a single species or ge-
nus, as interference may have both synergistic and
antagonistic effects (Merabishvili et al., 2018). On
the other hand, the microbial composition of target
infection sites must be precisely defined through
epidemiological surveys, and the frequency of var-
ious bacterial species during different infections at
the reception site must be considered for designing
cocktails that target multiple species or genera as
highlighted by Merabishvili and colleagues (2018).
The downside of employing phage cocktails is that
they could significantly impact non-target microbes
and be more expensive (Nobrega et al. 2015).

Phage cocktail therapy furnishes a broader
target range of these treatment modalities and poses
a lower risk of developing phage resistance in bac-
teria over monophage therapy. It is worth noting,
however, that combination therapy substantially
increases the likelihood of gene exchange, the de-
velopment of phage resistance for all active phag-
es in the cocktail, and the difficulty of determining
inflammatory effects (Chan et al., 2013). Studies
have demonstrated that commercially available
phage preparations, such as monophage Sb-1 and
polyphage PYO, effectively prevent and eliminate
MRSA biofilm formation in vitro (Tkhilaishvili et
al., 2020). Kifelew et al. (2020) evaluated the lytic
potential of a phage cocktail combining AB-SAO1
and AB-PAO1 against S. aureus and P. aeruginosa
strains in both planktonic and biofilm forms. The



results showed that the phage cocktail effectively
lysed both strains, even in the presence of biofilms
from non-susceptible species. Li et al. (2020) in-
vestigated the effectiveness of phage combination
therapy (cocktails) in treating infections in immu-
nodeficient hosts, where immune signaling is ab-
sent and immune response is at a basal level. The
model assumes wild-type and host-range mutant
phages target phage-sensitive and phage-resistant
bacteria, respectively. The research aims to opti-
mize phage delivery schedules using optimal con-
trol theory (2D-OC) and practical approximations
for clinical application. In their study, it was found
that the minimal phage dosage required for bacteri-
al elimination decreases with higher basal-level im-
mune density and optimal phage delivery schedules
were identified through 2D-OC and practical treat-
ment approximations. In immunodeficient models,
where immune response is absent, phage-resistant
bacteria tend to grow exponentially without prop-
er control. However, using a phage cocktail and
adjusting the dosing schedule based on immune
levels enhances treatment efficacy, even in low im-
mune response cases, which shows the importance
of tailored phage therapy strategies. Limitations of
the model, including its focus on acute infections
and deterministic assumptions, are acknowledged,
and future work may explore stochastic control,
chronic infections, and multiple phage strains.
This framework provides valuable insights for ad-
vancing phage therapy and its application in other
therapeutic areas involving replicating agents. One
study evaluated the effectiveness of phage therapy
against MDR Klebsiella pneumoniae isolated from
diabetic foot ulcers (DFU). Four bacteriophages
(KP1, KP2, KP3, KP4) were isolated from animal
feces and sewage. While bacterial regrowth oc-
curred with single phages, a phage cocktail showed
significantly better antibacterial activity (p < 0.05)
and prevented regrowth. The findings suggest that
phage cocktails are more effective than individual
phages in treating MDR K. pneumoniae infections
in DFU, offering a potential alternative to antibiotic
treatment (Jokar ef al., 2023).
Phage-antibiotics synergy

Phages can be used solely or mixed with
some probiotics, antibiotics, or synbiotics
(Lusiak-Szelachowska et al., 2022). Morrisette et
al. (2020), enumerated three general advantageous
mechanisms and interactions of phage-antibiotic
combinations: (1) Phage-antibiotic synergy (PAS);
(2) Biofilm eradication; and (3) Phage-antibiotic
seesaw effect. The proposal of combining phages
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with antibiotics is due to a suggestion that their
efficacy and efficiency would increase. Numerous
studies highlighted that certain antibiotics increase
the biosynthetic capabilities of bacteria while phag-
es are finding ways to accelerate their own division
mechanisms.

Phage-antibiotic synergy was first observed
in animal models and in vitro (Segall et al., 2019).
There are numerous mechanisms behind the PAS
based on its interactions with specific bacterial
strains. The mechanisms may involve increasing
the antibiotic susceptibility of bacteria through the
help of antibiotics by (1) decreasing the Minimum
Inhibitory Concentration (MIC), (2) accelerated
phage amplification, (3) decreasing the occurrence
of mutants, (4) depolymerization of cell walls for
increased cell penetration of antibiotics, and (5)
increased susceptibility of the bacteria due to the
presence of both the antibiotics and the phage (No-
brega et al., 2015).

The phage-antibiotic synergy (PAS) may in-
crease the amplification of bacteriophages inside
the host cell (Nobrega et al., 2015). The PAS also
escalates the sensitivity of the bacteria to antibiot-
ics and may decrease the number of mutants that
are resistant to antibiotics and phages (Nobrega et
al., 2015). For example, the P. aeruginosa phage
cocktail PAM2H along with meropenem, ciproflox-
acin, or gentamicin decreased the number of resist-
ant P. aeruginosa cells and increased the number of
susceptible cells by 81%, 56%, 63%, and 31% (No-
brega et. al., 2015). A recently published study was
able to explore the molecular mechanisms behind
PAS using a hypervirulent K. pneumoniae strain
and phage H5 combined with ceftazidime (CAZ).
The results show that the combination suppresses
bacterial metabolic activity more effectively than
phage alone, altering bacterial population evolu-
tion. A point mutation (wcaJG949A) was selected
by phage H5, promoting carbohydrate metabolism
and phage resistance, but the phage-CAZ combi-
nation counter-selected this mutation, imposing a
higher fitness cost. This led to changes in metabolic
pathways, such as the phosphotransferase system
and ascorbate metabolism, contributing to resist-
ance suppression (Qin et al., 2024). These findings
provide novel insights into how PAS alters bacte-
rial adaptation, offering a novel approach to opti-
mize phage-antibiotic therapy. Another study opti-
mized PAS therapy to combat MDR K. pneumoniae
strains. The researchers selected broad-host-range
phages, optimized their formulations, and com-
bined them with last-line antibiotics, including



colistin and tigecycline, to enhance therapeutic effi-
cacy. PAS treatment significantly reduced bacterial
growth in 64%-75% of 88 clinical MDR K. pneu-
moniae strains, with a notable decrease in resistance
emergence from 55.66% to 3.75%. In murine mod-
els, optimized PAS therapy also led to a significant
reduction in bacterial burden compared to antibiot-
ic-only treatments. The findings demonstrate PAS
therapy’s potential not only for improving treatment
outcomes but also for reducing the emergence of
antibiotic resistance. Key strategies for optimizing
PAS therapy include: (i) selecting broad host-range
phages targeting various MDR strains, (ii) optimiz-
ing phage formulations for better lytic capacity and
host specificity, and (ii1) combining phages with ef-
fective last-line antibiotics. This optimized PAS ap-
proach could delay resistance evolution and deepen
our understanding of bacterial pathogenesis and ge-
netic mechanisms related to antibiotic-phage inter-
actions (Zhao et al., 2024).

The structural polysaccharides in bacteria in-
cluding the LPS or lipopolysaccharide and the PG or
peptidoglycan and the EPS or exopolysaccharides
found in biofilms exhibit crucial roles in maintain-
ing the integrity of bacteria against foreign invad-
ers and as well as maintain their bacterial virulence.
The depolymerization of bacterial polysaccharides
happens when the phages are added and the glycan
polymers are broken down as the depolymerases of
phages assist. Depolymerases of phages may either
become a component within a virion or a soluble
protein after the lysis of the host cell as the phage
matures. The depolymerase includes different types
such as endorhamnosidases, endosialidases, hya-
luronate lyases, alginate lyases, and peptidoglycan
hydrolases (Nobrega et al., 2015). Through this
mechanism, the cell penetration of antibiotics via
diffusion increases because of the membrane break-
down.

However, despite all the advantages some an-
tagonistic relationships between the phages and the
antibiotics can also be observed but this phenome-
non is rare (Nobrega ef al., 2015). There is also an
existence of “non-active” synergisms of bacterio-
phages and antibiotics ((Lusiak-Szelachowska et
al., 2022). For instance, a recent study investigated
phage-antibiotic combinations against MDR bacte-
ria, including S. aureus, Enterococcus faecium, and
P aeruginosa, using protein synthesis inhibitors
and cell envelope-active agents. The results showed
that combinations of phages with linezolid (LZD)
and minocycline (MIN) were antagonistic for S. au-
reus and E. faecium, while phages combined with
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daptomycin (DAP) and ceftaroline (CPT) exhibit-
ed synergy. For P. aeruginosa, phage-azithromycin
(AZM) was antagonistic, phage-gentamicin (GEN)
was additive, and phage-cefepime (FEP) was syner-
gistic. Phage growth kinetics were also impacted by
the antibiotics, particularly LZD and MIN, suggest-
ing that some antibiotics may interfere with phage
efficacy through changes in phage growth dynam-
ics. This shows the complexity of phage-antibiotic
interactions, emphasizing the need for further stud-
ies to optimize combination therapies. This concurs
with the review of Fungo et al. (2023) which posited
that even though PAS shows potential against MDR
pathogens, optimal combinations remain unclear,
specifically, PAS efficacy against ESKAPE patho-
gens highlights key factors: treatment order, dose,
mechanisms of action, and clinical applicability.
The lack of consistency in current PAS regimens
suggests the need for individualized approaches. In-
deed, more focused experimental studies to address
these gaps and refine PAS protocols are needed to
advance its clinical potential.

Advancements in phage therapy

The promise of bacteriophage therapy has im-
mensely progressed over the years due to heightened
mediatization and research attention given to the
tool as a novel treatment approach to address MDR
bacterial infections (Pirnay, 2020). Recent notable
advancements in the therapy have been developed
such as efficient strategies for isolation and charac-
terization, genetic modification, phage formulation,
and therapeutic approach, as well as clinical trials.

Bacteriophage isolation and characterization
techniques

The early phase of bacteriophage therapy ap-
plies significant procedures such as the isolation of
bacteriophages with beneficial traits, and their sub-
sequent characterization. The success of the therapy
greatly relies on the application of these procedures
to ensure proper identification and development of
phages. Early techniques include the enrichment
protocol for isolation developed by Felix d’Herelle,
culture-based detection methods (e.g. plaque testing,
routine test dilution, culture lysis, and spot testing),
and characterization procedures for bacteriophage
morphology through electron microscopy and ef-
ficiency of plating by plaque assay. These long-es-
tablished procedures are limited, strenuous, and
time-consuming which highlights the importance
of newly developed isolation and characterization
methods in phage therapy (Hyman, 2019).

Current phage isolation protocols have sig-



nificantly progressed and accelerated due to the
use of modern systems for metagenomics (e.g. vi-
ral metagenomics and single-virus genomics), and
high-throughput sequencing. Viral metagenomics
is a modern approach to analyzing the whole viral
genetic material isolated from a wide range of envi-
ronments (Diaz-Mufioz et al., 2017). It involves the
optimization of phage isolation processes (viral-like
particle recovery, purification, and concentration)
from various environmental samples by “phage
spiking” with the use of a set titer of known phag-
es and diversion of main purification routes such
as polyethylene glycol precipitation and tangen-
tial flow filtration into many advanced extraction
routes. Optimization improved the number of phage
particles isolated and phage DNA obtained in con-
trast with traditional methods (Hayes et al., 2017).
Another, single-virus genomics is an approach that
allows isolation and complete sequencing of single
viral particles in nature. It is associated with flow
cytometric techniques for sorting individual virus-
es, genome amplification by multiple displacement
amplification, and whole genome sequencing. The
use of this technique paved the way for the genome
of a single phage to be assessed in detail in terms
of essential characteristics (Hayes et al., 2017). The

development of these game-changing metagenomic
techniques is vital in phage therapy as they enable
direct sequencing and analysis of phage genomes
and maximized evaluation of diverse populations
of phages (Pires et al., 2016).

The establishment of high-throughput
next-generation sequencing has greatly transformed
the technology for gene sequencing wherein it
paved the way for consistent and regular generation
of metagenomic data from different environments.
In particular, whole-community metagenomic se-
quencing permits host genome sequencing to con-
fer various information on host-phage dynamics
and the prevalence of prophages. Accumulated in-
formation from metagenomic studies resulted in the
development of several machine-learning tools and
software used to identify new phage species which
are vital in phage therapy. In the last ten years, dif-
ferent mainly utilized phage identification tools that
operate locally are described in Table 1 (Ho et al.,
2023).

Identified bacteriophages are subjected
to characterization procedures to determine their
properties and effectiveness against bacterial spe-
cies of interest. Over time, advanced strategies for
characterization based on high-throughput sequenc-

Table 1. Selected metagenomic phage identification tools to identify and predict phage sequences

Tool Brief Description and Applications

DeepVirFinder Predicts sequences via k-mer-based deep learning method and enables heightened viral identifi-
cation at all contig lengths

Kraken2 K-mer-based metagenomic classifier tool that assigns taxonomic labels, and detects viruses
through the application of a database

MetaPhinder Determines phage sequences in organized contigs and mean nucleotide identity by employing
BLAST hits to multiple phage genomes

viralVerify Module of the MetaviralSPAdes tool; Naive Bayes classifier elicited from Hidden Markov mod-
els protein hits is used to classify contigs

PPR-Meta Ascertains the identity of phages and plasmids by using deep learning convolutional neural
networks approach

Seeker Applies a neural network that integrates a long short-term memory model regardless of its
phage sequence motifs or pre-selected features

VIBRANT Retrieves prophages and emphasizes auxiliary metabolic genes and pathways by deep-learning
neural network based on protein signatures

VirFinder Primal machine learning tool that applies K-mer signatures to identify viral contigs

VirSorter Predicts and identifies phage by reference-based and reference-free methods; relies on probabi-
listic models and protein homology searches

VirSorter2 Extension of VirSorter; assesses “viralness” of phage genomic features by applying machine

learning to enhance the detection of viral diversity
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ing approaches have been developed to ensure
an efficient selection of phages to be used in the
therapy. In particular, whole-genome sequencing
enables extensive assessment of phage genomes,
recognition of essential phage traits (e.g. antibi-
otic resistance and virulence), and confirmation
of the absence of toxin genes (Khan Mirzaei and
Nilsson, 2015). In addition, comparative genomics
techniques which involve the comparison of whole
genome sequences of various species are currently
applied to allow phage classification into distinct
categories and phage identification based on re-
latedness, host range, and functional traits (Khan
Mirzaei and Nilsson, 2015; Hyman, 2019). Further-
more, a tool called pulse-field gel electrophoresis
is now employed to allow direct measurement of
phage genome size. It is applied for restriction frag-
ment length polymorphism analysis which involves
the isolation of several phages and mainly differen-
tiates the enzyme digested DNA to reveal the dif-
ference of every phage (Hyman, 2019).

Bacteriophage engineering techniques

Technologies designed to genetically manip-
ulate phages have progressed promptly, and their
application is vital for the development of more
functional phage therapies. As phage modification
enables experts to improve phage therapeutic ca-
pacity, infectivity, and bactericidal potential, novel
engineering techniques provide ways to syntheti-
cally create phages that are more stable and safe for
use in therapies. Different phage and phage compo-
nent editing strategies that help conquer previous
limitations in phage use are aided by data on phage
genome sequencing and studies on host-phage in-
teractions (Pires et al., 2016).

Several notable phage engineering techniques
have been developed within the decade. Major
techniques include Bacteriophage Recombineering
of Electroporated DNA (BRED) and the clustered
regularly interspaced short palindromic repeats as-
sociated-Cas (CRISPR-Cas) systems. BRED is a
technique that involves co-electroporation of donor
dsDNA and bacteriophage DNA into electrocom-
petent bacterial cells that express proteins (such as
RecE/RecT-like protein) that encourage homolo-
gous recombination. It allows gene deletion, inser-
tion, and/or replacement to induce point mutations
in the genome of the phage. The use of BRED has
developed phages collected at greater frequencies
of around 10-15% and can be screened using only
a few numbers of polymerase chain reactions (Pires
et al.,2016; Chen et al., 2019). Aside from BRED,
some studies genetically modify bacteriophages us-
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ing a 5-Site Directed Mutagenesis Kit (New Eng-
land Biolabs). In one study, genetically modified fd
bacteriophages were engineered to display variants
of the Cu(II)-binding peptide HGFANVA, forming
filamentous structures with observed thicknesses of
2-5 nm via atomic force microscopy (AFM) (Kork-
maz et al., 2024). Peptide-modified phages could be
engineered to selectively target cancer cells, MDR
bacteria, or inflammatory sites, and may serve as
delivery vehicles for drugs, vaccines, or therapeutic
enzymes, enabling targeted therapy with reduced
side effects.

CRISPR-Cas systems employ methods of
(a) CRISPR adaptation, (b) RNA biogenesis, and
(3) CRISPR-Cas interference. The approach in-
volves homologous recombination between the
DNA of bacteriophage and plasmid, followed by
gene targeting by CRISPR-Cas technology used
for counterselection of wild phages, and to ensure
the retention of recombinant phages. CRISPR-
Cas-based engineering approaches used in phages
have allowed intricate editing such as resistance
gene removal and therapeutic payload integration
to promote greater efficacy. A recent review argues
that the CRISPR-Cas system offers a more precise
and efficient approach to generating genetically
modified bacteriophages, surpassing conventional
methods that often involve extensive screening and
low success rates. CRISPR-Cas9 has successfully
modified phage tail fibers to enhance infectivity
and broaden host range, while CRISPR-Cas10 fa-
cilitates the removal of virulent genes and expan-
sion of host specificity in staphylococcal phages.
These advancements show CRISPR’s potential for
rapidly developing targeted therapeutic phages,
with significant implications for military and clini-
cal applications (Kovacs et al., 2024). Further, the
scarless Cas9-assisted recombineering (no-SCAR)
system has been demonstrated as an effective tool
for genome editing of bacteriophages, particular-
ly in expanding their host range. In a recent study,
phages from the Podoviridae (PHB20), Myoviridae
(PHBI13), and Siphoviridae (SPO1) families were
edited using the no-SCAR system. The system
showed varying antiviral activity across different
phages, with PHB13 exhibiting a selective antiviral
response when specific sgRNAs were applied. The
most significant result was obtained with PHB20,
where the tail fiber gene (ORF40) was swapped to
broaden its host spectrum. This modification ena-
bled PHB20 to target MDR E. coli. By replacing
the phage’s tail fiber gene with sequences derived
from environmental water samples or metagenom-



ic databases, the engineered phage became capable
of infecting both the original host and new MDR
E. coli strains. The engineered polyvalent phages
retained the lytic activity of the original phages and
effectively killed MDR E. coli (Song et al., 2023).

Other vital advanced methods for phage en-
gineering include in vitro phage genome refactor-
ing, cell-free transcription-translation systems,
and yeast-based phage genome assembly (Hymes,
2018; Chen et al., 2019). Furthermore, the appli-
cation of strategies in synthetic biology is benefi-
cial for phage therapy as it allows the creation of
synthetic phage genomes that have desirable cus-
tomized characteristics. Some of the strategies in-
clude the bacteriophage genome de novo synthesis,
non-natural nucleotide integration, and genetic cir-
cuit addition (Lajoie et al., 2013).

Bacteriophage formulation, delivery, and clinical
trials

Numerous studies prioritize the optimization
of phage formulation and delivery with an aim to
maintain stable phages with longer shelf life and
better survival capacity in the course of formulation
production. Advanced phage formulation mainly
centers on encapsulation methods such as liposomal
encapsulation (liquid), emulsification (semi-solid),
hydrogels (semi-solid), spray-drying (powder),
electrospinning (nanofibers), and freeze-drying
(powder) which involve phage coating as protec-
tive measures. These phage formulation methods
serve to control and direct targeted phage delivery
to infected locations which is essential in phage
therapy as it optimizes therapeutic activity. For
phage delivery, novel methods like biofilms and
phage-loaded nanoparticles are continually inves-
tigated to enhance phage efficacy (Drulis-Kawa et
al., 2012). Pharmaceutical nanoparticles, includ-
ing nanospheres, nanocapsules, and materials like
carbon nanotubes and dendrimers, are solid carri-
ers with diameters under 100 nm, often designed
to be either biodegradable or non-biodegradable.
These nanoparticles can be produced via various
methods such as emulsion-solvent evaporation,
double emulsion, salting out, diffusion, and solvent
displacement. For instance, Gondil et al. (2020)
investigated Cpl-1-loaded chitosan nanoparticles
for combating antibiotic-resistant S. pneumoniae,
demonstrating biocompatibility and hemocompati-
bility with no cytotoxic effects. Another study used
thiolated phages to induce gold nanoparticle aggre-
gation, which enabled rapid detection of Gram-neg-
ative bacterial infections and determination of an-
tibiotic susceptibility profiles. The assay relied on
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the phage-bacteria interaction between chimera
viruses of the Inoviridae family and Gram-nega-
tive bacteria (Peng et al., 2020). Abdelsattar et al.
(2022) combined silver nanoparticles with phage
ZCSES6 to inhibit Sa/monella growth. The study re-
ported a significant decrease in the MIC and MBC
values when combined with the phage (from 6.25
to 12.5 pg/ml to 1.5 ug/ml), showing that nanopar-
ticle-phage combinations may be an effective in-
fection control method. Another recently published
paper reported that the combined use of T7 phag-
es and phage-presented Ag Nanoparticles showed
significant synergistic effects in eradicating E. coli
biofilm (Szymczak et al., 2024). Alipour-Khezri
and colleagues (2024) also explored the combined
efficacy of green-synthesized zinc oxide nanopar-
ticles and bacteriophages PB10 and PA19 in com-
bating P. aeruginosa biofilms. The combination
significantly reduced biofilm formation and bacte-
rial viability, repressed quorum-sensing gene ex-
pression, and mitigated the cytotoxic effects of zinc
oxide nanoparticles on human cells, demonstrating
the potential for enhanced anti-biofilm therapies.
The encapsulation of bacteriophages protects them
from stomach acid in oral delivery systems. How-
ever, challenges remain in maintaining phage ac-
tivity during storage and after encapsulation due to
temperature, pH, and solvent sensitivity. Tailored
encapsulation methods are required for different
phage strains.

Different phage formulation and delivery
techniques are applied for lytic and non-lytic phag-
es. In particular, lytic bacteriophages utilize liquid
phage filtrate, tablets, and formulas wherein deliv-
ery is by parenteral route for systemic infections,
oral route for gastrointestinal infections, and lo-
cal route for topical infections. On the other hand,
non-lytic phages apply formulation by injections,
formulas, and aerosols wherein delivery is by par-
enteral route for systemic infections, oral route re-
stricted to proteolysis, and a local route for topical
infections (Rosner and Clark, 2021).

With the progress in phage isolation, manip-
ulation, and formulation techniques, many clini-
cal trials have been done for the assessment of the
safety and efficacy of phage therapy approaches
against particular infections. This step is essential
to determine the clinical usefulness and acceptance
of phage therapy for clinical practice (Pirnay et al.,
2018). Remarkable examples and trials include the
(a) effectiveness and safety assessment of topical
phage therapy in people with chronic diabetic foot
infections done in Wroclaw, Poland which revealed



good results in full or pronounced infected wound
curing, (b) effectiveness and safety assessment of
phage therapy in people with urinary tract infections
linked to antibiotic-resistant pathogenic bacteria
that reached a phase I to II in Belgium which report-
ed - high success percentage to remove infections
and improve symptoms, (c) numerous tolerability,
effectiveness and safety assessment of phage thera-
py in people with serious lung infection associated
to cystic fibrosis - a promising result of a case study
showed the lowering of bacterial concentration in-
fected sputum and in the necessity of antibiotic in-
take, and (d) therapy investigation as bacterial sepsis
remedy (Hraiech et al., 2015; Duplessis and Biswas,
2020). Other applications in humans include a cure
for cholera, and skin bacterial infections linked to
P. aeruginosa and S. aureus (Principi et al., 2019).
These successful clinical trials have paved the way
for further progression of phage therapy, yet the tool
is still experimental which still promotes extensive
research to guarantee ideal use, address existing
limitations, and ensure maximized applicability of
phage therapy.

Phage therapy clinical trials in humans

Table 2 shows some of the recent trials of using
phage therapy in humans. These clinical trials show
the potential of bacteriophage therapy in managing
chronic bacterial infections, particularly in cystic
fibrosis (CF) and antibiotic-resistant conditions.
The WRAIR-PAM-CF1 trial (NCT05453578) is
evaluating a 4-component anti-P. aeruginosa bac-
teriophage mixture (4 x 107 to 4 x 10° PFU) in 72
CF patients across 16 U.S. centers. The trial aims
to assess safety and bacterial reduction. In addition,
the completed SWARM-P.a. study (NCT04596319)
tested AP-PA02, a multi-phage cocktail, demon-
strating a sustained two-log bacterial load reduc-
tion. Effective lung delivery via nebulization was
confirmed, with minimal systemic absorption, sup-
porting its safety and efficacy. These findings sug-
gest a pathway for larger trials targeting both CF
and non-CF bronchiectasis (NCFB).

The Yale Phage Therapy trial (NCT04684641)
validated personalized phage therapy for chron-
ic P. aeruginosa infections in CF patients. Mean-
while, trials like Personalized Bacteriophage Ther-
apy (NCT05177107) and TP-102 (NCT04803708)
have shown potential for treating diabetic foot
ulcers and osteomyelitis. These studies highlight
phage therapy’s capacity to reduce bacterial bur-
den and aid in tissue healing. Phage cocktails such
as LBP-ECO01 (NCT04191148) for E. coli urinary
tract infections and AP-SA02 (NCT05184764) for
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S. aureus bacteremia demonstrated enhanced effi-
cacy when combined with antibiotics. Emerging
therapies, including VRELysin™ (NCT05715619)
for vancomycin-resistant Enterococcus and Myco-
bacteriophage POSTSTAMP (NCT06262282) for
mycobacterial infections, indicate expanding clin-
ical applications. Optimizing delivery mechanisms
and addressing bacterial resistance are critical next
steps. Ongoing trials will determine the long-term
efficacy and durability of these therapies in chronic
and MDR infections.

Phage therapy and antibiotic therapy
comparison

The continuous development of phage thera-
py is motivated by the urgent public health concern
associated with the rise of MDR bacteria. Since
conventional antibiotics have adverse effects and
several species have grown resistant to different
classes of antibiotics, the establishment of new al-
ternatives like phage therapy is highly important.
Potential differences in efficacy and safety of the
two approaches - phage therapy and antibiotic ther-
apy - lie in their distinction in terms of mechanism
of action, specificity, biofilm penetration, and avail-
ability (Gorski et al., 2021).

Traditional antibiotic therapy acts to hinder
growth or eliminate bacterial species by targeting
essential properties like replication of DNA rep-
lication and synthesis of cell walls, while phage
therapy makes use of bacteriophages in nature to
infect and destroy bacteria (Davies and Davies,
2010). In terms of specificity, antibiotics offer a
wide range of spectrum (such as pathogenic and
beneficial ones) and are not specific to one strain,
while phage therapy utilizes highly specific target-
ing by phages which enables targeted treatment and
lowered damage to the host’s microbial. Another
comparative category is called biofilm penetration
wherein antibiotic therapy struggles, while phages
are able to penetrate and infect bacterial species in
a gene therapy. Lastly is clinical availability and
applications. Antibiotic therapy is widely accessi-
ble and available worldwide brought by substantial
research and creation, while phage therapy is evi-
dently less widespread and remains experimental.
Overall, each approach offers varying advantages,
evolutionary capabilities, self-amplification, as well
as limitations. With more studies, phage therapy is
said to have great potential as a valuable tool in the
fight against antibiotic resistance and the treatment
of bacterial infections (Schooley et al., 2017; Pir-
nay et al., 2018).



Table 2. Overview of clinical trials investigating phage therapy (Source: clinicaltrials.gov)

Intervention Target Infection Clinical Trial ID Status Latest
Update
Walter Reed Army Institute Cystic Fibrosis chronically colonized with NCT05453578 Recruiting 2024
of Research - PAM-Cystic P, aeruginosa
Fibrosis1 (WRAIR-PAM-
CFl1)
AP-SA02 Adjunct to Best ~ Bacteremia due to S. aureus NCT05184764 Recruiting 2024
Available Antibiotic
Therapy
Mycobacteriophage Cystic Fibrosis and non-tuberculous NCT06262282  Enrollingby 2024
(POSTSTAMP) mycobacteria pulmonary disease invitation
AP-PA02 Multi-Phage Cystic Fibrosis and chronic pulmonary NCT04596319 Completed 2024
Therapeutic Candidate for  P. aeruginosa infection
Inhalation
Inhaled AP-PA02 Non-Cystic Fibrosis Bronchiectasisand ~ NCT05616221 Completed 2024
Chronic Pulmonary P. aeruginosa Infec-
tion (Tailwind)
VRELysin™ Vancomycin-resistant Enterococcus NCT05715619 Recruiting 2023
Personalized Bacteriophage Diabetic foot osteomyelitis NCT05177107 Recruiting 2023
Therapy
Yale Phage Therapy Cystic Fibrosis with chronic P. aeruginosa NCT04684641 Completed 2023
airway infections
Anti-Staphylococcus Hip or knee prosthetic joint infection NCT05369104 Recruiting 2022
aureus Bacteriophages due to S. aureus treated with DAIR and
antibiotic therapy
TP-102 Diabetic foot ulcers with P. aeruginosa, NCT04803708 Completed 2022
S.aureus, and/or Acinetobacter baumannii
LBP-ECO1 Phage Cocktail =~ Lower urinary tract colonization caused ~ NCT04191148  Completed 2022

by E. coli

Advantages of phage therapy

Bacteriophage therapy offers various advan-
tages as an alternative treatment for bacterial infec-
tions. This ability can be attributed to the charac-
teristics and abilities of the phages themselves. Its
most essential set of traits includes availability in
nature, targeted specificity, versatility, independent
amplification, and lower-level resistance establish-
ment.

Phage therapy offers significant advantages
due to the natural abundance and diversity of bac-
teriophages in terrestrial, aquatic, and human en-
vironments, making it cost-effective. Their easy
engineering allows for targeted solutions to anti-
biotic limitations (Principi et al., 2019). Addition-
ally, phages’ high specificity enables them to tar-
get bacterial species or strains, including resistant
ones. This precision minimizes adverse effects and
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reduces collateral damage to beneficial bacteria
and human health (Luong et al., 2020). Moreover,
phage therapy is acknowledged for its safety and
tolerability brought about by its adaptability and
low chance of developing resistance (Principi et al.,
2019). Phages are considered “bactericidal agents”,
wherein infecting a bacterial host, bacteria are less
likely to gain their viabilities (Loc-Carillo and Abe-
don, 2011). This prevents the host from develop-
ing into a resistant strain. On the other hand, some
types of antibiotics are bacteriostatic, wherein they
may induce the development of resistance in some
strains (Loc-Carillo and Abedon, 2011).

Antibiotic resistance can develop through
bacterial mechanisms that respond to specific doses
of antibiotics, influenced by metrics like Minimum
Bactericidal Concentration (MBC) and Minimum
Inhibitory Concentration (MIC). In contrast, phages



used as biocontrol agents exhibit auto-dosing, am-
plifying as long as their bacterial hosts are present
(Lusiak-Szelachowska et al., 2022). This allows
them to target and replicate at infection sites, even
at low doses. Additionally, combining antibiotics
with phage therapy, known as Phage—Antibiotic
Synergy (PAS), offers promising advancements in
combating bacterial resistance.

Challenges and future directions of phage
therapy

MDR are generally resistant to most antibi-
otics used by conventional treatment options. The
ability of bacteriophages to specifically target and
kill bacteria can be utilized as an alternative ther-
apeutic method against the increasing prevalence
of infections caused by MDR bacteria. While the
clinical trials of bacteriophage therapy yielded
positive results, there are still several challenges
that must be resolved to achieve its full potential.
The major challenges are discussed below, along
with the possible solutions to overcome such lim-
itations as well as the future directions of phage
therapy.

Bacteriophage selection

The success of the therapy against the MDR
bacterial strain is primarily dependent on the se-
lection of an appropriate bacteriophage. As al-
ready mentioned, bacteriophages are highly spe-
cific in their host range, with most of them only
infecting or colonizing a particular species of bac-
teria (Chan and Abedon, 2012; Drulis-Kawa et al.,
2012). The relatively narrow range of host com-
patibility of bacteriophages offers both advantag-
es and challenges to such an approach. Although
the advantage of having relatively few compatible
hosts includes the preservation of beneficial bac-
terial strains, the utilization of specific bacterio-
phages is limited only to a small number of bacte-
rial strains (Chan and Abedon, 2012). Therefore,
the establishment of sufficient and comprehensible
phage databases, as well as the development of ef-
ficient screening methods, is necessary, particu-
larly in the formulation of bacteriophage with a
diverse host range. However, even if scientists se-
cured a collection of “ready-to-use” bacteriophage
vectors, identifying the bacterial pathogen is still
crucial. Furthermore, this could be hindered by
several factors such as the severity of infection,
cost, and limited availability of clinical laborato-
ries (Drulis-Kawa et al., 2012). Thus, the selection
of bacteriophages to effectively target the intended
MDR pathogens in infections remains a hurdle for
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most cases.

Development of resistance against bacteriophages
The interaction between bacteriophages and
bacteria could likely drive co-evolutionary process-
es that may influence their tolerance to each other.
Similar to antibiotic resistance, MDR bacteria are
very capable of developing resistance against bac-
teriophage. Resistance of bacteria occurs through
various mechanisms such as phenotypic shifts,
point mutations in surface bacteriophage recep-
tors, acquisition of CRISPR (Clustered Regularly
Interspaced Short Palindromic Repeats) spacers,
and formation of biofilms (Chanishvili, 2016; Tor-
res-Barcelo, 2018). The development of bacterial
resistance towards the administered bacteriophag-
es compromises the efficacy of the phage therapy
and may lead to the persistence or reoccurrence
of the bacterial infection. Therefore, in designing
effective phage therapeutic strategies, it is impor-
tant to consider the factors involved in the evolu-
tion of bacterial resistance. Moreover, the selection
of long-term effective phages that could minimize
the possible impact of resistance development is
vital. Lastly, future research must be able to give
much-needed information on the evolutionary and
molecular consequences of phage therapy in MDR
bacterial infections (Torres-Barceld, 2018).

Bacteriophage pharmacokinetics and delivery

In the context of phage therapy, pharmacoki-
netics refers to the dynamic movements or behav-
ior of bacteriophages as they pass through the body,
particularly during the processes of absorption, dis-
tribution, metabolism, and excretion (Dgbrowska
and Abedon, 2019). Understanding these mecha-
nisms is a crucial step in the optimization of their
therapeutic efficacy.

One of the pharmacokinetics obstacles asso-
ciated with phage therapy is the accessibility of the
target bacteria within the body. Bacteriophages can
be administered via oral delivery, injection, or di-
rect application to the infection sites. Among these
routes, oral delivery is known as the most conven-
ient and most likely to be accepted by the patients.
Although this method is effective in treating gastro-
intestinal infections, the bacteriophage is suscepti-
ble to inactivation due to the acidic and proteolytic
environment of the gut (Malik et al., 2017). On the
other hand, the intravenous route of administration
is more efficient and faster in terms of the introduc-
tion of bacteriophage in the systemic circulation.
However, the administered bacteriophage could be
subjected to various clearing and immune mecha-



nisms provided by the innate immune system. They
can be cleared in the bloodstream by the reticulo-
endothelial system or be neutralized by pre-exist-
ing antibodies (Malik ef al., 2017; Dabrowska and
Abedon, 2019; Dhungana, 2021). In terms of phage
distribution, the penetration of bacteriophage varies
from organ to organ. Although bacteriophages, in
general, can easily gain access to a wide variety of
tissues, it is still unknown if they can remain at a
sufficient level or concentration at the sites of bac-
terial infections. Therefore, the potential for ther-
apeutic success in bacteriophage therapy could be
reinforced by molecular engineering of the phage
virions (Dabrowska and Abedon, 2019).

Future direction of phage therapy

The emergence of MDR bacterial infections
is recognized as a major public health concern.
Thus, the future direction of phage therapy, as a
novel and alternative therapeutic approach against
MDR bacteria, should be directed toward the im-
provement of its safety, efficacy, and specificity.
This can be done by exploring the fields of combi-
nation therapies, phage engineering, and synthetic
biology.

Combination therapy involves the utili-
zation of bacteriophages along with convention-
al treatments such as antibiotics and other im-
mune-stimulating agents. PAS is a phenomenon
in which phages are especially effective against
MDR bacteria when combined with antibiotics
(Diallo and Dublanchet, 2022). The use of PAS is
a great approach for the management of bacterial
resistance against antibiotics and phages. PAS can
overcome the limited host range of bacteriophages
allowing for broader coverage of pathogenic bacte-
rial strains. Several studies have reported that PAS
can effectively reduce bacterial densities as well as
limit the production of bacterial virulence factors
(Torres-Barceld, 2018; Li et al., 2021). Although
several studies have explored the in vitro effects
of PAS and gained positive results, further studies,
and optimization must be done to fully utilize this
combination as a routine therapeutic option against
MDR bacterial infections.

Advances in technology, particularly in syn-
thetic biology, could open a lot of opportunities that
may enable the modification of natural phage prop-
erties to overcome the current limitations of phage
therapy. Recombination-based approaches are the
most feasible way to engineer phage genomes to
acquire the desired mutations. Through genetic
engineering, researchers can potentially expand
the host range of bacteriophages, overcoming the
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limitations of specificity. Moreover, the technology
could also be used to overcome the bacterial resist-
ance mechanisms of MDR bacteria against bacte-
riophage by designing counter-resistance systems.
Finally, the creation of synthetic phage via genetic
engineering can potentially solve the problems as-
sociated with the human innate immune response,
phage-clearing mechanism, and regulatory and pro-
duction challenges (Barbu et al., 2016; Lenneman
etal., 2021).

Conclusion

Phage therapy offers hope to overcome
the challenge of antibiotic resistance emergencies.
While they may not be fully able to replace antibi-
otics, the advantageous properties of phages estab-
lish their salience as a vital addition to the antimi-
crobial arsenal. With the ongoing advancements in
synthetic biology, phage therapy is predicted to ex-
pand its practice and relevance in the field of med-
icine. Further studies that commit to the develop-
ment of a clear selection criterion for bacteriophage
and genetic engineering of phage components for
minimized resistance against MDR infections and
improved, phage-derived drug administration are
highly recommended.
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