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Abstract

Medical device-related infections are deep-seated infections that are complex to treat owing to the
emergence of antibiotic-resistant organisms. Bacteriophages are non-antibiotic tools that act as
either an alternative or complementary option to antibiotics in managing bacterial diseases. The host
specificity of bacteriophages restricts their clinical application to specific bacterial infections. This
systematic review aims to summarize the application of bacteriophage as an anti-biofilm agent and
their efficacy and safety in preventing or controlling device-associated bacterial infections by analyzing
research findings from the last 10 years. We conducted a systematic search of four electronic databases
to identify articles, and 30 eligible articles were included in this review. During the follow-up period
specified in the articles, 93.75% of patients achieved complete microbiological recovery from the target
infection and 6.2% experienced a relapse. Therefore, through this systematic review, we emphasize
that it is necessary to establish standardized and reproducible methods for coating indwelling devices
with bacteriophages, ensuring their long-lasting and effective functionality for the benefit of patients.
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INTRODUCTION

Implants and medical indwelling devices
are crucial components in revolutionary medicine.
They involve rapid technologies that benefit
patient’s health. Catheters, endotracheal tubes,
pacemakers, ventricular assist devices, and hip
and joint implants are examples of implantable
medical devices.! While these advancements
have extended and enhanced quality of life, the
introduction of foreign materials into patients
inevitably creates conditions conducive to
microbial colonization and infection. The rate of
infections associated with indwelling devices is
steadily increasing, provided that the sterility of
medical procedures is not maintained. They are
responsible for 50-70% of the nearly 2 million
healthcare-associated infections reported by the
Centers for Disease Control. The rising rates and
varieties of device utilization, coupled with the
aging population and the growing prevalence of
comorbid conditions resulting in compromised
immune systems, are common reasons for
medical device-related infections. Bacteriophages
represent one of the most promising alternatives
to antibiotics in clinical applications. Before
antibiotics were discovered and widely used, it
was suggested that bacterial infections could
be prevented or treated by bacteriophage
administration. Later, there was a rapid increase
in interest in phage therapy, as evidenced by
the significantly higher number of case reports
detailing patients undergoing treatment.

This systematic review provides a brief
overview of the medical indwelling device-
associated infections, biofilm development and
hurdles in its treatment, various antibiofilm
strategies, and clinical as well as some of the in
vitro studies related to phage therapy.

Burden of bacterial biofilm

Biofilms are structured and clustered
communities of microorganisms that are encased
in a self-produced polymeric matrix. These
extracellular substances are complex matrices
of organic polymers made up of different
biomolecules such as carbohydrates, proteins,
and DNA. They play a crucial role in facilitating
microbial adhesion to surfaces and in mediating
interactions between microbial cells and their

surrounding environment. The biofilm matrix
accounts for over 90% of the dry mass in most
biofilms, with microbial cells representing less than
10%.2 The property of biofilm can be observed
in various groups of microorganisms, including
single-celled eukaryotes like yeast.? Biofilm serves
as a survival mechanism by acting as a barrier that
isolates bacterial cells from the host environment.
Hence, it displays phenomenal features like innate
resistance to host immune defence, increased
resilience to mechanical and physiological stress,
and antimicrobial agents.*

Approximately 65% of bacterial infections
are linked to the presence of bacterial biofilms,
and device-associated biofilm infections are
common in the healthcare setup. Biofilms on
medical devices serve as a reservoir for bacteria
to trigger recurrent infections, inflammation, and
tissue damage. Endotracheal tubes frequently
lead to the formation of biofilms, which can
harbor pathogens including Metbhicillin-resistant
Staphylococcus aureus (MRSA) as well as Gram-
negative bacilli such as Klebsiellao pneumoniae,
Escherichia coli, Pseudomonas aeruginosa, and
Acinetobacter baumannii.> Common microbial
contaminants known to form biofilms on
urinary catheter devices include Escherichia coli,
Enterococcus faecalis, Staphylococcus epidermidis,
Pseudomonas aeruginosa, Proteus mirabilis,
Klebsiella pneumoniae, and other Gram-negative
bacteria.®

Antimicrobial resistance is one of the
emerging battlegrounds of the 21 century,
which poses a threat to the future generation of
therapeutic options left behind and difficulty in the
discovery of new drugs. The burden of antibiotic
resistance on global health is enormous and has
been described as a slow-motion pandemic.”
A recent publication by the United Nations
Environmental Programme states that in 2019,
the global death count was approximately 1.27
million and that they are directly connected to
drug-resistant infections. It is also estimated that
there will be approximately 10 million deaths
annually by 2050 due to antibiotic inefficiency.
This affects the annual GDP and socioeconomic
status of people.®

Mechanism of biofilm formation
Biofilms exhibit diverse pathological
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presentations and are ubiquitous, colonizing
medical implants, biological tissues, water
conduits, pipelines, hospital environments,
food processing facilities, and a range of other
living and non-living surfaces. Biofilm-associated
microorganisms display alterations in phenotype
and gene expression, leading to resistance against
established antibiotics, decreased metabolic
activity and growth rates, and production of
virulence-related factors. In a cross-sectional study
conducted in 2022, lasR-deficient Pseudomonas
aeruginosa isolates upregulated the expression
of quorum sensing regulator lasR gene. In the
case of lasR-deficient P. aeruginosa, without any
environmental trigger, the mutant develops a
biofilm around it.°

Biofilm formation is a multi-step process.
The process of biofilm formation has been
explained elsewhere'® and is shown in Figure 1.
Briefly, the four stages of development of biofilm
were as follows:

1.

Attachment: Biofilm formation is initiated
when planktonic microorganisms adhere to
the surfaces. In the early phase of biofilm
formation, microorganisms attach loosely and
reversibly to develop a poor connection with
the surface and later change their orientation
and attach irreversibly to form biofilms.
Microcolony formation: The formation of a
biofilm matrix is facilitated by the production
of extracellular polymeric substances
(EPS), which are primarily composed of
polysaccharides, proteins, and DNA. They
form the first layer of cells that covers the
surface.

Maturation: This is a mushroom or tower-
shaped microbial structure consisting of three
layers: the inner regulatory layer, the middle
microbial basement layer, and the outer layer
of planktonic cells, which are ready to exit the
biofilm. Thus, a mature biofilm consists of
microcolonies surrounded by water channels

Planktonic cell
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Figure 1. Stages of Biofilm formation on medical devices. Free-flowing organisms adhere loosely and reversibly to
selected biotic and abiotic surfaces. They multiply and encase within a self-produced EPS matrix. Multiple layers
of cells accumulate on the surface to form mature biofilms. Later, it ruptures and disperses to start a new life cycle

(Source: created by Biorender.com)
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for the transport of nutrients and signaling
molecules.

4. Dispersion: To disperse the microorganisms
and start a new cycle of biofilm, the mature
biofilm ruptures by active or passive mode.

Treatment hurdles amid biofilm

Biofilms produced by bacteria interfere
with the antimicrobial action against organisms. It
has the potential to reduce susceptibility patterns
by up to 1000-fold.* Biofilm-associated infections
are difficult to treat due to various factors such as
slow onset of disease, foreign material used in the
diagnosis or treatment, antibiotic ineffectiveness
and failure of early detection.*?

At the beginning of the infection, biofilm-
producing organisms remain dormant and slowly
colonize causing acute infection in the host. They
also remain unexposed to the host immune system
and form a slimy matrix. Within this, they become
adapted to the oxygen - and nutrient-limited host

Antibiotics
Antimicrobial peptides 7
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environment by lowering their metabolic rate and
causing persistent infection.*

The presence of foreign material in the
body significantly contributes to the process
of biofilm production and enhancement by
providing a free surface for bacterial colonization.
The infection rate of biofilm-forming organisms
is significantly higher in the presence of such
foreign bodies than when organisms are present
alone, without being associated with any foreign
objects. This phenomenon is explained by the
fact that in the presence of foreign bodies, the
action of neutrophils is reduced or injured;
hence, there is downregulated phagocytosis
and neutrophil action?** and the treatment of
such cases becomes difficult. For example, a
64-year-old woman who underwent arthroplasty
developed persistent MRSA infection in her hip
and knee despite receiving prompt treatment
with intravenous vancomycin and oral linezolid.
She was treated with 2-stage revision surgery and

Bacteriophage &
its compound

iv) Cell lysis

Figure 2. Graphical representation of various commonly available anti-biofilm strategies, including antibiotics,
antimicrobial peptides, photodynamic therapy, nanoparticles, natural compounds, and organic acids. The figure
also depicts the mechanism of action of lytic bacteriophages by (i) enzymatic activity and penetration of phage
genetic material into the host cell, (ii) synthesis of viral genome and protein, (iii) assembly of virions, and (iv) lysis
of host cells and release of progeny virions. (Source: created by Biorender.com)
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insertion of an antibiotic-loaded PROSTALAC hip
spacer to cure Prosthetic Joint Infections. Despite
undergoing the DAIR (debridement, antibiotic,
and implant retention) procedures, infection was
unavoidable. Deep-seated recalcitrant MRSA
infection is the primary reason why conventional
antibiotics cannot eliminate the pathogen. Over 4
years, the patient was subjected to a wide range
of treatments, but they proved ineffective. Even
escalating antibiotics did not help in the case of
deep-seated infections.™

All the adaptations made by bacteria
to fit into the stressful host environment alter
the antimicrobial targets in the organism and
reduce the cell division rate. It aids the bacteria
in becoming resilient to antibiotic agents, and
the host immune responses exaggerate collateral
tissue damage, which adds more burden to the
treatment.’ The matrix does not participate in
the inhibition of antibiotic penetration into the
cell; however, the changes induced during biofilm
formation, such as changes in gene expression or
protein production within the biofilm, mediate
this antibiotic recalcitrance.’®'” To combat the
adverse effects of biofilms, the foremost option is
to remove the infected medical devices or replace
them with sterile ones.*® However, the changing
time of the medical devices also plays a major
role. If replacement or removal of foreign devices
is not possible, sensitive & aggressive antibiotic
treatments are considered.?

Antibiofilm strategies

Biofilm-associated infections are very
difficult to treat as they either do not respond
or show a poor response to classic antibiotic
therapy. The barrier formed by the biofilm must
diffuse to reverse the resistance mechanisms.
Disruption of the biofilm and restoration of the
organism to its original free-living planktonic
state and inhibiting it solve the quest of the
biofilm hurdle. There are various strategies to
inhibit biofilm formation, such as exposing the
biofilm-forming bacteria to antimicrobial agents
and antimicrobial peptides with a broad spectrum
of antimicrobial activity® and photodynamic
therapy is potentially active against biofilm-
related resistance. Photodynamic therapy uses
visible light of a specific wavelength to form
cytotoxic reactive oxygen species (ROS),* organic

acids,?* and extracellular enzymes. Extracellular
enzymes, such as glycoside hydrolases, proteases,
and deoxyribonucleases, potentially target the
extracellular polymeric substances of biofilms and
revert the cells into a planktonic state.?? Targeting
biofilms with enzymatic degradation demonstrates
the highest efficacy on both developing and
existing biofilms.' Various strategies that are
potentially effective against biofilm-related
resistance are summarized in Figure 2.

Surface topography is one of the newer
innovative techniques in which the surface of
the implant device is coated without altering
its original characteristics. Various compounds
such as antimicrobial peptides, quorum-sensing
inhibitor enzymes, and antibiotics can be stably
coated onto these devices.” To avoid low
penetration of drugs or antibacterial compounds,
nanoparticles are used as an efficient drug delivery
system for disease treatment and as a bacterial
detection system for microbial diagnostics. Most of
the nanoparticles are also potential antimicrobial
agents, along with an effective delivery vehicle.?
Nanoparticles have applications in the creation of
antibacterial coatings for implantable devices and
medical materials to prevent infections. Despite
these advantages, some nanoparticles also serve
as promoters of drug-resistance. Previous studies
have shown that aluminum nanoparticles can
enhance the conjugative transfer of plasmids such
as RP4, PK2, and pCF10, leading to the spread of
multidrug-resistance not only within the same
bacterial species but also across different genera.?

Bacteriophages

In the early 1900s, Twort and D’Herelle
isolated a category of viruses called bacteriophages
from the feces of convalescing patients with
dysentery. However, the isolated virus is not
pathogenic to humans and is hosted by bacteria.?®
Bacteriophages are viruses that infect and
replicate only in the bacterial cells. Phage therapy
is a blooming hope in preventive and therapeutic
medicine. In the early 1940s, the therapeutic
application of bacteriophages was first tested for
the treatment of bacterial infections.

Until recently, antibiotics overshadowed
the effect of bacteriophages; however, in the new
era, where multidrug-resistant organisms are
evolving with each mutation, the bacteriophage
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again flashes in the limelight. Since bacteriophages
are non-antibiotic tools used to inhibit bacterial
growth and prevent infection, they have attracted
the interest of researchers as a favorable therapy
in the context of an antimicrobial crisis.?’
Antibiotics are known to target either
Gram-positive or Gram-negative bacteria, including
beneficial flora, which is now seen as undesirable
because of its negative impact on the overall
microbiota and potential to promote antibiotic
resistance. Phage therapy offers a solution to these
challenges because of its exceptional specificity
and efficacy against drug-resistant strains. In
addition, the degradation of phages through
antibodies and other mechanisms does not result
in the generation or buildup of toxic by-products.?®
The efficient use of target-specific
bacteriophages at an effective dose, route, and

frequency on an appropriate diseased condition
will sufficiently inhibit bacterial growth and result
in the improvement of patient health.?® This is
explained by successful case reports through the
administration of either a single phage or a phage
cocktail. The success rate was measured based
on the microbiological or clinical outcomes. The
utilization of distinct bacteriophages tailored to
target individual bacterial strains is a key factor that
contributes to this success. Nevertheless, existing
manufacturing constraints, pharmacoeconomic
models, and marketing demands tend to support
predetermined phage cocktails that have already
been employed in phage therapy clinical trials.
Also, it is noted that the phage cocktails exhibit
more immunogenicity compared to monovalent
phage preparation, potentially leading to adverse
effects on their efficacy when used.*®

Identification of studies via databases and registers

Records removed before
screening: 55488

Time limit = 34319

Foreign language & Review
records removed= 16215
Not relevant= 4954

Records excluded
(n =208)

Duplicates removed= 49

Not

device=159

involving medical

- Records identified from:
o Databases n = 55726
®
£ PUBMED =1378 >
€ Scopus=2169
S Web of Science= 1079
Research Scholar=51100
Records screened >
(n =238)
]
£
5
O
(%]

Records for final review n= 30
Case study =9
Case series = 2

In vitro, In vivo, experimental
Study =19

Figure 3. Systematic review flow diagram. PRISMA flowchart for the present review detailing the process of literature

screening and inclusion of studies

Journal of Pure and Applied Microbiology

874

www.microbiologyjournal.org



Rai et al | J Pure Appl Microbiol. 2025;19(2):869-888. https://doi.org/10.22207/JPAM.19.2.31

Recent data suggests that the strategy of
combined treatment with phages and antibiotics
may not be suitable for all phages and antibiotics,
as aminoglycoside antibiotics have been found
to exhibit Mycobacteriophage DNA replication,
potentially interfering with pathogen elimination
by phages.?!

Antibacterial properties of bacteriophage

The antibacterial or antibiofilm action
of phages could be explained by the mechanism
involving 2 key enzymes of phages: depolymerase
and lysins.?2 Depolymerase is the tail spike protein
of bacteriophage. It acts as an adjuvant, favoring
the elimination of bacteria.®® Lysins are phage
enzymes with the ability to hydrolyze the cell wall
and help release phage progeny during bacterial
attack.®* Phages are capable of penetrating
biofilms, dissolving the extracellular polymeric
matrix, and reaching target organisms. The
antibiofilm properties of bacteriophages can be
explained by the direct dispersion of the biofilm
matrix, intra-to-extracellular degradation, or
extra-to-intracellular degradation of the bacterial
structure.®

The injection of the phage genome into
the host is essential for the phage to initiate
bacterial infection. Therefore, self-replicating
phages can cause cell lysis. This mechanism
occurs when the receptor protein present on the
tail fiber tip initiates an interaction with specific
bacterial surface receptor molecules.® Thus,
the discovery of antibacterial mechanisms of
bacteriophages has shown their remarkable action
in the treatment and prevention of infectious
diseases. Unfortunately, the antibiotic revolution
has pulled phage therapy behind this screen.
However, the modern era is again turning towards
the use of phages and their derivatives in the
healthcare progress.

MATERIALS AND METHODS

Protocol

This systematic review was prepared and
reported according to ‘The Preferred Reporting
Items for Systematic Review and Meta-Analysis.®
The PRISMA flow diagram in Figure 3 depicts
this review’s detailed data-screening method.
The present systematic review included studies

published between January 2014 and October
2023.

Search strategy & eligibility criteria

Multiple sources of electronic databases
such as PubMed, Scopus, Web of Science, and
Google Scholar were included to identify and
extract data on the use of bacteriophages to inhibit
biofilms formed on medical devices. A combination
of search strategies involving Medical Subject
Headings (MeSH terms) and Boolean characters
were employed. The search was limited to the
use of bacteriophages to prevent or inhibit biofilm
formation in medical devices. These included
devices experimenting on humans, animals, and
in vitro studies. MeSH terms used for the search
were biofilm, bacteriophage, antibiofilm, medical
device, implant, and prosthetic.

Inclusion criteria

We screened full-text articles published
in English between January 2014 and October
2023. Original articles, including in vitro and in
vivo studies, case reports, clinical studies, trials,
and controlled clinical trials, were included. Using
the MeSH terms like ‘Bacteriophage’, and ‘Biofilm’
connected with the Boolean character ‘AND’ the
full-text articles were filtered, and later, individual
searches for different medical devices were used.
For example, ‘Catheter’, ‘Endotracheal tube’,
‘Prosthetic’, etc., for the final list of articles from
the 4 databases. Research involving the synergistic
action between bacteriophages and antibiotics
was included in this systematic study. The PRISMA
plot flow diagram (Figure 3) depicts the data
identified, screened, and retrieved for systematic
review.

The main objectives of these studies
were to describe the potential of isolated or
library-chosen bacteriophages to inhibit or
prevent bacterial biofilm infections associated with
indwelling medical devices, and at the end of the
study, a conclusion of either positive or negative
effects was described.

Exclusion criteria

Non-medical device-related studies on
bacterial infection and phage therapy, phage
therapy involving phage-derived products such as
phage proteins, enzymes, engineered or tagged
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phages, nano-formulated phages, and older
research articles published before 2014 were
excluded. To ensure uniformity and consistency
in the analysis, the studies included in this
systematic review were strictly limited to those
investigating the therapeutic application of whole
bacteriophages to mitigate bacterial infection.

Data extraction

The first author independently collected
the data and eligible articles were screened
for the final review, which the co-author then
verified. Various factors, such as language, type of
article, year of publication, and MeSH terms were
considered for data filtering.

RESULTS

The initial data search yielded 55,726
results, distributed as follows: 1378 in PubMed,
2169 in Scopus, 1079 in Web of Science, and
51,100 in Google Scholar. After screening for
the year of publication, articles in English, and
removing the irrelevant articles, 238 articles were
retrieved. Finally, 30 articles were included in the
systematic review, after applying the inclusion and
exclusion criteria, as detailed above. The details of
the included studies are summarized in Table.

Study characteristics

Of the 30 articles included, 9 were case
reports, 2 were case series, and the remaining 19
were in vitro/in vivo/experimental studies. These
30included studies: Seven were from the USA, five
from Germany, three from India, two each from
Brazil and the United Kingdom, and a single study
from Israel, Italy, France, Iran, Ethiopia, Latvia,
Australia, Portugal, North Carolina, Georgia and
Egypt. All listed articles were published between
January 2014 and October 2023.

The list of selected articles employed
phage therapy for a variety of biofilm-related
infections, mainly focusing on catheter-associated
urinary tract infections, orthopedic implant
-related periprosthetic joint infections of the knee
and hip, cardiovascular implant infections, and
models mimicking ventilator-associated infections.

A total of 33 bacterial species were
reported in the selected studies, including
Staphylococcus aureus (36.4%, n = 12/33),

Pseudomonas aeruginosa (24.2%, n=8/33), Proteus
mirabilis (12.1%, n = 4/33), Enterococcus faecalis,
Escherichia coli, and Klebsiella pneumoniae in 2
isolates each (18.2%, n = 6/33), and the remaining
Klebsiella oxytoca, Staphylococcus epidermidis,
and Providentia stuartii in 1 isolate each (9%, n =
3/33).

Biofilm growth on medical devices

Fifteen articles reported on the in vitro
biofilm formation method. This included biofilm
formation experiments on various medical devices,
such as urinary catheters, endotracheal tubes, and
Kirschner wires. Biofilm age plays a pivotal role in
determining the action of an antimicrobial agent.*
Considering all the chosen articles, the age of
biofilm formation or bacterial colonization before
treatment with a particular phage ranged between
30 minutes and 20 days. Bacteriophages have dual
actions on biofilms. It can eradicate the preformed
biofilm and prevent the formation of biofilms on
any surface.® Two in vitro studies explored both
the biofilm inhibitory and preventive actions of
bacteriophages on medical devices.?**°

Phage characteristics in controlling biofilm

Among the 30 articles included, 14
(46.6%) reported the use of single phages and
15 (50%) included a cocktail of phages for the
experiment or treatment. Only one study (3.3%)
did not specify the number of phages used in
the experiment. Out of 30 studies, in 13 (43.3%)
studies, the phages were isolated by themselves,
and the remaining 17 (56.6%) studies were
conducted by obtaining the phage from other
sources, such as commercial pharma companies
or phage libraries. In about four (13.3%) and eight
(26.6%) articles, the details of genome size and
family to which the phage belongs, respectively,
were mentioned. The genome size of the phages
varied from 44,573 bp to 1,67,727 bp. Twenty-
six (86.6%) articles failed to mention the details
of the phages such as genome size and other
characteristics. Approximately nine (30%) studies
mentioned the family name to which the study
phages belonged.

In the 30 studies included in this review,
various routes of administration were used for the
delivery of selected bacteriophages to the target
site. Seventeen (56.6%) studies coated the phage
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lysate into either naked implants or preformed
biofilm implants. In two (6.6%) studies involving
the use of animal models, the phage suspension
was directly injected into organs such as the
abdomen or the proleg of an animal model. In the
case reports, intra-articular administration was
used to treat five patients, while local application
of phages was performed for five other patients.
The intraoperative mode was selected for three
of the patients. The highest number of patients
(n = 6) were treated with an intravenous injection
of bacteriophages.

Study models

This systematic review includes the
studies conducted using animal models, medical
device models, and human case reports. Of the
studies involving the animal models, one study
was carried out using New Zealand white rabbits,
one using BAL B/C female mice, and one study
conducted with Galleria mellonella.

Eleven case reports dealing with phage
therapy were included. Based on these case
reports, 16 patients were treated with phage
therapy. The ages of the patients ranged from 41
to 84 years. Years with a mean age of 66.7 years.
Of the 16 patients who opted for phage treatment,
only 4 were female and the remaining 12 were
male candidates.

Efficacy of phage therapy

The efficacy of phage therapy was
evaluated mainly through microbiological and
clinical improvements. In vitro and in vivo
studies have been conducted using animal
models, microtiter plates or implant devices.
In all 19 studies performed on either animals
or inanimate objects, there was a significant
reduction in microbial load. Phage therapy for
the direct treatment of humans with different
implant-related infections showed that 15
(n = 15/16, 93.75%) patients had complete
microbiological recovery from the target infection
until the follow-up period mentioned in the article.
Of the 16 patients, one (6.2%) had a relapse of
Pseudomonas aeruginosa infection related to
the LVAD driveline. According to the authors,
the emergence of phage-resistant bacteria
and the complications of phage delivery to the
infected site could explain the recurrence of

infection.*! In another case series from France,
three patients who underwent knee arthroplasty
recovered completely with only non-specific
synovitis symptoms.*? In the case of a left knee
prosthetic joint infection with Enterococcus
faecalis, the patient recovered. However, the
patient developed MRSA right-ankle hardware
infection and bacteremia, which resulted in below-
the-knee amputation.®

Safety of phage therapy

Only case studies and case series
including 16 patients were analyzed to determine
the safety of phage therapy. Here 6 (37.5%)
patients mentioned that the phages used were
safe, without any remarkable adverse effects. Six
(37.5%) patients failed to report any significant
changes or adverse events during or after the
phage therapy. In contrast, four (25%) patients
exhibited temporary mild adverse effects such
as an increase in aspartate aminotransferase
(AST) and alanine aminotransferase (ALT) for 3-4
days,***4> and mild nausea.*® There was a case in
which a patient died after treatment, but there was
no relationship with phage therapy. The observed
reactions could not be confirmed or associated
with phage therapy consequences due to data
limitations.

DISCUSSION

This systematic review critically analyzed
30 studies related to phage therapy published
between January 2014 and October 2023, and the
PRISMA guidelines were followed to emphasize
the reproducibility, comprehensiveness, and
transparency of the review. All the included
articles (in vitro, in vivo, and case reports) dealt
with the application of bacteriophages to treat
medical indwelling device-related infections
caused by different groups of bacteria and offered
a comprehensive insight into phage therapy
regarding its extent of usage, types of bacterial
disease, type of medical device, phage isolation,
and antibacterial characteristics.

Indwelling medical devices serve as
a niche for harmful opportunistic pathogens.
Complete inhibition of bacteria is necessary to
prevent this harmful effect. Although the use
of antibiotics initially removes a small fraction
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of pathogens, there is a chance of developing
resistance against the antibiotic later. Removal
of these implant devices would be ideal for
eliminating infection. However, removing and
eventually replacing the device presents significant
practical challenges for patients requiring
parenteral nutrition, chemotherapy, hemodialysis,
and other treatments. For instance, to prevent
removal, an antibiotic-locked catheter lumen
was used to treat catheter-related bacteremia.
However, it also shows a reduced success rate
along with the chance of developing resistance
among pathogens.”

Bacteriophages are self-replicating,
natural predators of bacteria. They exhibit
significant diversity in terms of size, morphology,
and genomic structure. Nevertheless, they share
a common feature, each comprising a nucleic acid
genome surrounded by phage-encoded capsid
proteins, serving to safeguard genetic material and
facilitate its transfer into the subsequent host cell.
Considering the studies in which bacteriophage
details were mentioned, they commonly belonged
to Myoviridae, Podoviridae, and Siphoviridae.
These three families of bacteriophages belong
to the Caudovirale order of phages, which are
virulent phages that cause lysis of the host cell to
release their progeny. These findings align with
observations in phage therapeutic observations,
where there is a prevailing preference for the
use of virulent-tailed phages belonging to the
Caudovirale order.*

Western countries like the USA and
Germany utilize the highest number of phage
technology in treating infectious diseases compared
to other countries. The majority of the organisms
encountered in the studies are Staphylococcus
aureus, Pseudomonas aeruginosa, Proteus
mirabilis, etc. These organisms are associated
with severe hospital-acquired infections, often
marked by elevated levels of drug resistance. In
the case of polymicrobial infections, a cocktail
of bacteriophages was used. Phages are species-
specific and exhibit a narrow spectrum of activity.
They act against a particular target pathogen and
are ineffective against various strains of the same
species. The efficacy of monophages in combating
multi-bacterial infections is challenging unless a
phage cocktail comprising active phages against
each isolated organism is used. Creating phage

banks or conducting in vitro evolution to enhance
phage activity and reduce bacterial resistance can
be effective strategies for addressing limited host
specificity in targeted phage therapy.*

Under physiological conditions, the
freely dispersed bacteriophages are prone to
inactivation. Immune clearance by phages can
also lead to a decrease in phage infectivity. Hence,
sustained release and escape from the immune
system or harsh physiological environment are
necessary in some cases of phage therapy. For
example, in medical device-related infections, the
bacteriophage used in urinary catheters may lose
infectivity owing to the highly acidic condition of
the urinary tract. Thus, the use of phage delivery
agents plays a pivotal role in enhancing the phage
action.>®

Microencapsulated, pH-responsive
polymers were used in 2017 in the UK for the
efficient oral delivery of Clostridium difficile
bacteriophage to treat colonic infection.
Encapsulated phages demonstrated substantial
protection during extended exposure to an
acidic environment without the inclusion of an
antacid in the formulation.*® In case of wound
infections, bacteriophage-loaded functional
and biocompatible nanofibers were employed.
These polymer fibers retained their antimicrobial
effectiveness for almost four weeks at ambient
temperature. However, its activity was higher
when stored at -20 °C.>? Thus, efficient delivery
methods offer significant promise as fundamental
technologies that facilitate the clinical
implementation of bioactive bacteriophages
in phage therapy. Bacteriophages are excellent
biocontrol agents. It demonstrates its potential
disinfectant action on various surfaces such as
glass, hospitals, medical devices, etc.

There was a record of 93.75%
microbiological recovery from medical device-
associated infection in the included clinical studies.
Bacteriophages, as self-replicating microorganisms,
theoretically require administration of a single
dose to combat bacterial infections. Nevertheless,
numerous other studies have suggested that
multiple doses may yield superior therapeutic
outcomes compared to a single-dose regimen.>?

In the included studies, the efficacy of
phage therapy correlated with the administered
dosage. In 2022, at the German Heart Center
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Berlin, among the four phage treatments, the
patient who experienced a relapse received the
lowest dosage compared to the others. This
was further compounded by the challenge of
delivering bacteriophages locally to the LVAD
driveline infection sites during sterile dressing.**
The route of administration is also crucial for
determining therapeutic efficacy. Findings from
these studies indicate that the local application
of phages alone is inadequate to eradicate
infection. Administering a targeted bacteriophage
at an optimal concentration via intraoperative
or intravascular routes can significantly enhance
treatment effectiveness. During the data analysis,
no association was observed between the bacterial
species and the effectiveness of phage treatment.
Additionally, the combination of bacteriophages
and antibiotics proved to be more effective in
conditions such as prosthetic joint infection and
ventricular assist device (VAD) driveline infection
compared to phage therapy alone.

It is also clear from the study that the
included human cases with various implant
infections were DAIR (Debridement, Antibiotics,
and Implant Retention) failed cases in which the
infection recurred. DAIR is considered an appealing
treatment option, particularly for cases of acute
prosthetic joint infection (PJI), and shows the
most promising outcomes.>* However, in all the
reviewed case studies, DAIR played the role of only
a complementary path to provide a clear target
site for phage treatment.

Bacteriophages present novel benefits,
such as their heightened specificity toward the
host cell, mitigating harm to the patient’s normal
microbiome, and diminishing colonization by
other pathogens in the absence of in vivo drug
interactions. Additionally, they exhibit bactericidal
activity, minimal variability in pharmacokinetics
and pharmacodynamics, unbiased bacterial
targeting regardless of bacterial antibacterial
susceptibility profiles, minimal environmental
impact, and the potential to induce susceptible
bacterial profiles.>®

The dynamic evolution of phage
resistance poses a challenge in phage therapy.
The emergence of bacteriophage resistance
through defense mechanisms and other strategies
may impede the development of effective
phage-based therapies. Phage resistance can be

explained by various mechanisms. Bacteria can
undergo evolutionary adaptations to modify or
lose their phage receptors, thereby hindering
phage attachment. These adaptations may involve
structural alterations in the receptor protein or
the complete elimination of the receptor itself,
such as random genetic mutations or phenotypic
variations in bacteria that lead to a reduced
affinity for phage adsorption. Bacteria can produce
restriction enzymes that recognize and cleave
foreign DNA-like phage DNA. However, phages
can evolve to evade restriction enzymes by
modifying their DNA and protecting the bacteria
by preventing the phage genome from integrating/
replicating inside the host cell.>® Some bacteria
produce proteins that directly inhibit phage
adsorption, preventing the virus from attaching
to the bacterial surface. The CRISPR-Cas system is
a bacterial immune system that stores fragments
of viral DNA in the bacterial genome and uses
this information to recognize and defend against
subsequent phage infections.®” Despite these
challenges, ongoing research endeavors have
sought to overcome phage resistance.

There are various other strategies
for overcoming bacterial phage resistance.
Bacteriophage (phage) cocktails have become a
promising approach for addressing phage-resistant
bacterial infections. The selection of phages that
can identify distinct surface molecules is crucial
for the effectiveness of phage cocktail therapy.
Incorporating multiple phages that target different
bacterial receptors could minimize the chances of
bacteria acquiring resistance."®

Phage engineering techniques, such
as gene editing using recombinant technology,
are promising avenues for developing targeted
therapies against multidrug-resistant bacterial
infections. In this method, a DNA template
sequence with homologous regions is introduced
into host cells, facilitating the modification of
bacteriophage DNA during subsequent infection
of the bacterial host. The altered bacteriophage
DNA, enclosed within the protein capsid, gives
rise to engineered bacteriophage progeny.*
CRISPR-Cas technology has been employed to
strengthen phage therapy by minimizing bacterial
resistance and enhancing phage adaptability.
Modified phages equipped with the CRISPR Cas
system can specifically attack and deactivate
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bacterial genes involved in defence mechanisms,
rendering bacteria more vulnerable to phage
infection. Additionally, CRISPR-Cas can precisely
cleave antibiotic-resistance genes within bacterial
genomes, reinstating their sensitivity to antibiotic
treatments.®®

In a few studies, the combined action
of antibiotics and phages against bacterial
colonization has also been determined. Antibiotics
alone can inhibit bacterial growth, however; the
development of drug resistance is unavoidable. If
a combination of bacteriophages and antibiotics is
exposed, the immunomodulatory action of these
agents will aid in inhibiting bacterial growth. In
addition, it is hypothesized that the sequential
exposure of bacterial cells to two selective
pressures, bacteriophages, and antibiotics,
will reduce the chances of the development
of drug resistance.®! It is clear from a previous
study that phages are capable of re-sensitizing
bacterial cells to previously resistant antibiotics.
Bacteriophages also have the potential to minimize
biofilm production compared to a sub-inhibitory
concentration of a particular antibiotic.®?

Clinical and safety trials have consistently
shown that utilizing naturally occurring phages for
therapy through various administration routes is
safe. It has been demonstrated from the reviewed
articles that bacteriophage treatment successfully
decreased bacterial levels, broke down biofilms,
facilitated wound healing, and enhanced results.

Challenges

First, the challenge when opting for
the phage treatment is phage selection and
isolation. An accurate species-specific selection
of bacteriophages alone can combat bacterial
infections.®* Even when using a bacteriophage
from a phage library, it must show sensitivity to
the test bacterial strain. Although phage therapy
can inhibit bacterial infection, timely identification
and preparation of phage suspensions must
be achieved with no delay. Personalized phage
preparation is considered superior because it
provides strain specificity.

The route of phage administration
becomes more challenging when associated with
implant devices. In a case series reported from the
Berlin Heart Center, phage therapy did not work for
one out of 4 patients, as there was a complication

in delivering the phages to the LVAD driveline-
infected area and the development of a phage-
resistant strain of bacteria.** An inherent challenge
in phage therapy revolves around the potential for
strains to evolve and develop resistance to phages
used for treatment.

Determining the phage dosage to be used
in therapy is a task. It is the multiplicity of phage
infection, which is defined as the ratio of phages
to bacteria, in which only those phages that have
attached to, the infected bacteria are considered.
Hence, the adsorption of phages, the susceptibility
of target bacteria to phages, and the density of
target bacteria are pivotal factors in the practical
application of phage therapy. However, it must
be noted that the FDA-recommended endotoxin
limitation for the intravenous route is 5EU/kg
of body weight/h. Hence, the determination of
endotoxin level is also a challenge.

Limitations

To prevent bacterial colonization and
biofilm formation on indwelling devices, efforts
must be made to coat or impregnate these medical
devices with antimicrobial agents. Thus, phage-
coated devices can be used to prevent the initial
adherence of bacteria. The delivery or coating of
substance must allow the slow and sustainable
release of bacteriophages at the target site. There
is not much data available in the literature on the
coating techniques. However, there are a few other
studies that describe the antibiofilm activity of
bacteriophages impregnated on the devices.*646
In summary, owing to a lack of enough published
data and clinical trials available on phage therapy,
this review article aims to draw the attention of
scientists worldwide to pursue further research
centered on phage therapy.

CONCLUSION

Phage therapy offers an alternate non-
antibiotic method, employing bacteriophages
effectively coated on medical devices to inhibit
biofilm formation and mitigate antibiotic resistance
in a lasting manner. Due to their specificity towards
host cells, extensive libraries of phages are
necessary to personalize treatments. In addition
to the considerable variation in the methods
employed to evaluate phage-biofilm interactions,
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the biological properties of phages and the physical
properties of medical devices have emerged as
key factors influencing the efficacy of biofilm
control through phage interventions. Given the
rising crisis of antimicrobial resistance, phage
therapy is expected to provide a valuable adjunct
or alternative therapeutic option, particularly
in clinical cases of medical indwelling device
infections in which biofilm-based antibiotic
insensitivity is present. In this systematic review,
we analyzed reports on phage characteristics,
efficacy, and safety of phage therapy for medical
device-associated infections. Efforts must be
made to develop standardized and reproducible
methods for coating indwelling devices with
bacteriophages to ensure their long-lasting and
effective action. In addition, larger, well-designed
clinical trials are required to determine the clinical
effectiveness and safety of phage therapy.
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