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The emerging resistivity of antibiotic resistance superbugs desire the need to resolve
the global problem of antibiotic resistance. Among several other methods currently
being adopted, one possible solution may be the development of supplemental
therapies for antibiotics. The use of the normal and advanced bactericidal properties
of bacteriophages (bacteriophage therapy)may be one of the viable infection control
options. It is evident, however, that the safe and regulated application of phage
treatment will need extensive knowledge of the characteristics and behaviour of
certain phage–bacterium systems. This mini review offers an overview of the
potential for phage therapy as well as the constraints and obstacles it faces in
becoming a commonly accepted infection management strategy.
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Key messages

• Because of their ability to evolve, adapt, and target phage-resistant bacteria, phages have
the potential to replace the use of conventional antibiotics in treating bacterial infections.

• Phage can be unique to species or even particular bacterium strains, making them a
suitable treatment for targeting and killing infections selectively.

• Phage treatment may be preferred to antibiotic therapy for suppressing the growth of
antibiotic resistant mutants with lower growth fitness, decreased pathogenicity, and
defective antibiotic efflux.

1 Introduction

The history of research and development of antimicrobial drugs encompasses more than
15 types of antimicrobials that have become a cornerstone in the control and management of
microbial infections (Aminov, 2017; Chanishvili and Aminov, 2019). In clinical medicine,
antimicrobial treatment has been one of the most effective therapeutic techniques. The
extensive and sometimes indiscriminate use of antibiotics in human and veterinary
medicine and agriculture, however, has contributed to the widespread of antibiotics
resistance in the microbiota of many ecosystems (Aminov, 2011). The increase in
multidrug resistance among bacterial pathogens that may severely limit our ability to
manage infectious diseases is of particular concern. Very limited options exist to treat the
so-called ESKAPE group of bacteria (Enterococcus faecium, Staphylococcus aureus, Klebsiella
pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter species)
(Boucher et al., 2009). The current global death toll associated with antimicrobial resistance
(AMR) is estimated to be 700,000 annually (Pokharel et al., 2019; Uddin et al., 2020). Moreover,
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the projected death toll due to multidrug-resistant bacterial pathogens
may exceed 10 million by 2050 if no immediate measures are taken
(Chanishvili and Aminov, 2019).

The major question is, what went wrong with antimicrobial
therapy that was originally a very successful way of treating
infectious diseases? The next question is: why does antibiotic
resistance develop so fast? Thus, the basic biological processes that
control the ecology and evolution of microbial ecosystems need to be
further studied to understand the mechanism of antibiotic resistance.
The subject of antibiotics resistance has long been considered mainly
from a clinical microbiology perspective (e.g., as associated exclusively
with the use or overuse, or misuse of antibiotics in human medicine).
This could, certainly, be one of the factors contributing to the spread of
antimicrobial resistance. However, the topic has much wider
ramifications and must be taken into account.

Antibiotics play a significant role in the regulatory processes in
natural habitats that are involved in many functions of microbial
ecosystems (Aminov, 2009). Although acting as signalling molecules
in natural environments at low concentrations (Davies, 2006; Davies
et al., 2006), antibiotics are primarily used in the treatment of human
and animal infectious diseases due to their bacteriostatic and
bactericidal properties expressed at high concentrations. Moreover,
for metaphylactic reasons where entire population is infected, the
treatment with antibiotics is commonly used in animal feed at
subtherapeutic concentrations. The key cause of antibiotic flux into
microbial environments is the widespread and haphazard use of
antibiotics in clinical medicine, veterinary medicine, agriculture,
and other fields (Baral and Mozafari, 2020). These are the sites
where genes for antibiotic resistance that naturally arise are
selected and amplified. At this point, antibiotic resistance genes are
integrated into the normal microbiota and there is a reduction in the
cost of fitness associated with carrying the antibiotic resistance gene.
Consequently, antibiotic resistance becomes very robust for
eradication even in the absence of antibiotic selective pressure
(Andersson and Hughes, 2011). The reservoir of antibiotic
resistance genes amplified at these hot spots is then released into
other ecological habitats, along with the concomitant antibiotics.
These are further distributed through substantial horizontal gene
transfer mechanisms to even more distant ecosystems, including
pathogens (Aminov, 2011).

The prevalent antibiotic resistance in a variety of microbiota,
including human and animal pathogens, is the outcome of
extensive employment of antibiotics in human and veterinary
medicine and agriculture (Bhattarai et al., 2020). The current
question is what can be done to limit and contain it? It is apparent
that it is important to minimize the extensive use of antibiotics, which
eventually results in the selection of the corresponding resistance
mechanisms. Unfortunately, the patterns in the production and use of
antibiotics are quite the contrary, showing a quite large rise in
antibiotic use for both humans and animals (Van Boeckel et al.,
2014; 2015).

During the Golden Age of antibiotics discovery, which ended
more than 50 years ago, all major groups of antibiotics were found
(Aminov, 2017; Baral and Mozafari, 2020; Bhattarai et al., 2020; 2021).
Since then, systematic modifications of known natural compounds
have been involved in significant studies and developments in
antimicrobial drugs. This does not, however, overcome the rapid
growth of resistance even to newer antimicrobial derivatives. There
are several alternative growth methods, in addition to the modification

of existing bactericidal agents. Alternatives to antimicrobials are
desperately needed and one of the most promising alternatives is
the use of phage therapy.

2 Phage therapy: Beyond antibiotic
resistance

Bacteriophages are specialized, bacteria-infecting viruses. They are
obligatory parasites, like any other virus, requiring replication of the
host cellular machinery. Infection starts with the phage particles being
bound to their host cell by precise recognition of a receptor on the host
surface, accompanied by phage nucleic acid delivery into the infected
cell. While inside the bacterium, the phage takes over the bacterial cell,
hijacking its cellular components and shutting down its defence
mechanisms. Consequently, phage genes are expressed, and the
genome of the phage is replicated and eventually packaged into
self-assembled phage particles. Progeny phage particles emerge
from the cell at the end of the lytic cycle in a process that usually
includes cell lysis by the phage proteins (Calendar, 2006). To date,
most isolated phages have been found to have DNA (dsDNA) linear,
double-stranded genomes packed into a tailed capsid protein
(Ackermann, 2007). In other groups of phages, non-tailed capsids
may be present with dsDNA genomes or single-stranded DNA
(ssDNA), or RNA genomes. Figure 1 demonstrates bacteriophage
life cycle through different modes of replication.

The idea for the treatment of bacteriophage infections came from
the groundbreaking work of D’Herelle (1917), and the first use of
phages as therapeutic agents in 1919 (Hermoso et al., 2007; Ul Haq
et al., 2012). However, the phage therapy approach was overshadowed
by the discovery of antibiotics that provided a more convenient
approach to the control of infectious diseases. It was largely
abandoned worldwide, with the exception of a handful of
countries: Georgia, Poland, and Russia, where it remained part of
an approved therapy to treat certain bacterial infections. The need for
new approaches to bacterial infection control, especially with regard to
multidrug resistance, is governed by a renewed interest in phage
therapy.

The use of bacteriophages in the treatment of infections provides
several benefits. Firstly, phages are very particular and do not affect
other beneficial microorganisms/commensal microflora, unlike the
large variety of bacteria attacked by antibiotics. This avoids
complications such as dysbacteriosis and secondary infections
caused by antibiotics. In addition, at the locations where the targets
are present, phages multiply, thus increasing local antibacterial effects.
It is worth noting that no intense side effects of phage therapy have
been identified so far (Borysowski and Górski, 2008; Międzybrodzki
et al., 2012; McCallin et al., 2013). In particular, phage-resistant
bacteria remain susceptible to other phages, and the introduction
of new phages is a much faster and cheaper process, in line with
Russian regulations and requirements for the production of
commercial phage preparations, compared to the creation of new
antimicrobials. The other advantage is that phages could be a valuable
source of enzymes that are active against pathogens, such as lysine
(Schmelcher et al., 2012). Bacteriophages can also play an important
role in limiting the growth and spread of antibiotic resistance
(Jalasvuori et al., 2011; Zhang and Buckling, 2012). It is equally
important for phages to be used effectively for diagnostic purposes
(O’Sullivan et al., 2016). Phages, unlike antibiotics, are also effective
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against biofilm-forming pathogens (Chanishvili and Aminov, 2019),
and eventually, phages can supplement antibiotics, i.e., phage-
antibiotic combination infection therapy is more successful than
either alone (Torres-Barceló and Hochberg, 2016). Recent
regulatory approval of bacteriophages for the control of foodborne
pathogens as food additives has opened new possibilities for their
usage in biocontrol processes (Kazi and Annapure, 2016). In addition,
phage infections can target specific genes or pathways associated with
biofilm formation, potentially interfering with bacteria’s capability to
create biofilms (Roy et al., 2018). Moreover, some phages specifically
target genes involved in exopolysaccharide production, reducing the
ability of bacteria to form a protective matrix (Sharma et al., 2016).

While phages have been used for a century for the treatment of
different diseases, their use in practical medicine is still restricted to
several countries. When considering the use of bacteriophages for
therapy and prophylaxis, protection is one of the key concerns. This is
because they are living organisms, unlike typical pharmacological
products. In addition, in the form of transduction, they can
contribute to horizontal gene transfer (Lerminiaux and Cameron,
2019). In accordance with the technical criteria applicable in countries
currently developing commercial phage preparations, several tests
confirming its lytic existence and ruling out a possible involvement
in horizontal gene transfer must be passed before a new phage is
considered for practical use. The creation of Omics technology helps
to solve this issue. In order to consider phage candidates, genome
sequencing is an important initial step as it recognizes prophage genes
such as integrases, repressors, excisases, recombinases, terminases and
thus enables predictions of potential prophage properties, including
virulence factors or incompleteness of prophage (Sybesma et al., 2018).

Regulatory problems are a big impediment to the application of
phage therapy. It is important to confirm the effectiveness of phage
therapy according to existing pharmacological guidelines. This
includes the introduction of clinical trials that are correctly
planned, randomised, placebo-controlled and double-blind.

Between 1996 and 2018, 17 clinical trials were reported to this
stage. Most of them could not, however, attract sufficient patients
and the others were not well planned. Therefore, they are far from
making scientifically valid conclusions on the effectiveness of phage
therapy (Sybesma et al., 2018). For instance, a total of 27 patients from
11 centres alone were enrolled in the recently concluded Phagoburn
study, which included a public expenditure of EUR 3.85 million (Jault
et al., 2019). This is far lower than the 220 pre-calculated patients
expected to provide statistically relevant results for the study. The trial
was also designed to treat infections caused by burn wounds caused by
E. coli, although the clinical results suggested that P. aeruginosa was
predominant. The initial flaw in the design of the trial was greatly
influenced by the insufficient test result since it is well known that burn
wounds are often contaminated with P. aeruginosa, not E. coli. Georgia
recently completed a randomized, placebo-controlled, double-blind
clinical trial. Patients with infections of the urinary tract triggered by
E. coli, Enterococcus spp., P. aeruginosa, Proteus spp., Streptococccus
spp., P. aeruginosa, and S. aureus were enrolled in the study. Patients
have been treated with a commercial Pyo-bacteriophage preparation, a
mixture of bacteriophages that targets both of these pathogens.
Preliminary findings have been released for the clinical trial
(Leitner et al., 2017; Ujmajuridze et al., 2018), which will ideally
lead to a wider recognition of phage therapy for the treatment of
multidrug-resistant infections. Phage therapies will, once generally
accepted, be used as an enticing and useful alternative to minimize the
conventional use of antibiotics and resolve the resistance of antibiotics
to pathogens.

2.1 Evolutionary dynamics of bacterial
resistance against phages

The evolutionary dynamics of bacterial resistance to phages refers
to how bacteria adapt and evolve to protect themselves from phages.

FIGURE 1
Bacteriophage life cycle: Lytic phages adhere to and infect a bacterial cell, culminating in phage reproduction and lysis of the host cell. The integration of
a phage genome into the bacterial genome is the consequence of the lysogenic cycle.
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Factors that influence this process include selection pressure, genetic
mechanisms of resistance, trade-offs, co-evolution, and implications
for human health (Hasan and Ahn, 2022). Phages can exert significant
evolutionary pressure on bacterial populations, promoting the genetic
changes in bacteria that allow the bacteria to survive and reproduce,
eventually causing the spread of the resistant genes. Moreover, bacteria
can resist phages by altering their outer membranes, producing phage
replication inhibitors, or changing the phages’ target sites. This
competition among bacterial members, as well as phage-bacteria
co-evolution, may lead to a ‘arms race in which both sides develop
new strategies. For instance, Pseudomonas aeruginosa isolates
obtained from a wastewater treatment facility evolved phage
resistance by obtaining proteins that block phage activity, allowing
bacteria to proliferate in the vicinity of phages (Withey et al., 2005).
Moreover, P. aeruginosa formed a slime layer that prevents phage
attachment and aids in the spread of resistance to other P. aeruginosa
strains (Al-Wrafy et al., 2017). In another study, E. coli evolved phage
resistance through the acquisition of DNA mutations that altered the
structure of phage target sites, hindering phage binding and infection
(Meyer et al., 2012). Thus, through several means, bacteria develop
resistance against phages, and phages also develop novel strategies to
infect bacteria.

The trade-offs between phages and bacteria demonstrate how
sophisticated evolutionary adaptation is and how different selective
pressures and characteristic expressions must be considered in order
to comprehend the complexities of bacterial populations. The different
trade-off between phages and bacteria can be categorized into: 1)
Phage-binding receptor-mediated trade-off, 2) Superinfection
exclusion-mediated trade-off, 3) CRISPR–Cas-mediated trade-off,
and 4) restriction modifications system-mediated trade-off (Hasan
and Ahn, 2022). Thus, understanding these evolutionary dynamics is
critical for managing bacterial infections and developing new
antibiotic resistance strategies (Baral and Mozafari, 2020; Bhattarai
et al., 2020; Mozafari et al., 2021).

2.2 Existing formulations of phage therapies

Currently, several phage therapy formulations are available,
including 1) purified phages isolated from their natural sources, 2)
phage lysates, which are the suspensions of bacterial cells infected and
lysed by phages, 3) phage cocktails (mixtures of multiple different
phages that may help to overcome the development of phage
resistance), and 4) phage-encapsulated nanoparticles (particles
containing phages within a protective shell and designed to
discharge the phages in a controlled manner) and phage-derived
enzymes, which are proteins generated by phages during their
replication cycle (Chan et al., 2013; Malik et al., 2017; Cui et al.,
2019; Nikolich and Filippov, 2020; Rosner et al., 2021). Depending on
the site of the bacterial infection, these phage formulations can be
administered to patients intravenously, orally, or topically (Chan et al.,
2013; Malik et al., 2017).

2.3 Challenges of phage therapy

Though of huge therapeutic importance, phage therapy also
suffers from severe drawbacks, which include 1) determining the
precise type of bacteria causing an infection and linking it with the

appropriate phage, 2) narrow host range, and not ideal for systemic
diseases, 3) ensuring that the phage used in treatment does not harm
the host, 4) overcoming bacteria’s ability to develop phage resistance,
5) phages’ limited availability and the specialized knowledge and
expertise needed to use them, and 6) the potential for regulatory
challenges given that phage therapy is not widely accepted (Caflisch
et al., 2019; Nikolich and Filippov, 2020; Pires et al., 2020).

2.4 Commercialization of phage therapy

Despite the difficulties highlighted above, some biotechnology
firms are still pursuing on the development of phage therapy on a
commercial scale. For instance, BioLynceus (works on developing a
platform for the large-scale production of phages), the Phage Therapy
Center in Georgia (offers phage therapy on a commercial scale),
AmpliPhi Biosciences (focuses on developing phage-based therapies
for the treatment of bacterial infections), Locus Biosciences (develops
engineered phage biotherapeutics), Intralytix (develops and
manufactures phage-based products for the food and healthcare
industries), Adaptive Phage Therapeutics (offers customized phage
therapy for the treatment of bacterial infections), etc. These companies
are working to circumvent phage therapy’s drawbacks and increase its
acceptance as a treatment option for bacterial infections.

3 Conclusion

Finally, phage therapy may be a successful treatment for bacterial
infections, but there are still several issues that need to be resolved
before it can be extensively used. In order to overcome these
difficulties and increase the usage of phage therapy as a treatment
option, additional study regarding the potential risks and benefits of
using phages as a therapeutic agent and its development are required.
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