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Abstract

Interest in the therapeutic use of bacteriophages (phages) has emerged in recent years, driven mainly by the antimicrobial
resistance crisis. This review aimed to summarize some important studies addressing the use of phages as a therapeutic
alternative for multiresistant bacterial infections. To this end, a literature search was conducted to address the efficacy and
versatility of phage therapy, the advantages and disadvantages of its use, and potential limitations for the application of
phage therapy that need to be overcome, especially in Western countries. Thus, this review highlights that phage therapy may
be a promising route in the treatment of infections caused by multidrug-resistant pathogens and that a combined approach
has the potential to prolong the life of the current available antimicrobials. In addition, standardized clinical trials using
monoclonal or polyclonal phages, alone or in combination with antimicrobials, are crucial to determine the real potential of

these treatments in clinical practice.
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Introduction

Bacteriophages (phages) are small viruses (20-200 nm) that
infect bacteria and are the most abundant biological entities
on Earth, about 10 times more than what is estimated for the
bacterial population, presenting a high and unknown diver-
sity (Bardy et al. 2016; Batinovic et al. 2019). The history
tells that phages were discovered by Frederick Twort and
Félix d’Herelle (Twort 1915; d’Herelle 1917; Kutter et al.
2010) in the early twentieth century, but Dr. José da Costa
Cruz, from the Oswaldo Cruz Institute (Rio de Janeiro, Bra-
zil), coordinated the first human phage therapy tests in 1921,
during an outbreak of dysentery in Barbacena, Minas Ger-
ais, Brazil (Almeida and Sundberg 2020). The mass testing
of phage product from the Oswaldo Cruz Institute during
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the Paulista revolution of 1924 preceded Felix d’Herelle’s
tests in India and the Soviet Union’s tests on military troops
(Almeida and Sundberg 2020). It was the beginning of the
rational therapeutic use of phages to treat several infectious
diseases.

The antibiotics discovery made phage therapy unpopular
in the Western and, consequently, the development of phage
products for therapeutic purposes was restricted to only a
few countries in the former Soviet Union and the Eastern
Bloc (Bardy et al. 2016; Jariah and Hakim 2019). As the
problem of antibiotic resistance is becoming increasingly
urgent due to the indiscriminate and inappropriate use of
these drugs to treat both human and animal infections, to
increase growth rate and weight gain in a wide variety of
livestock, besides for agricultural use, which was further
aggravated by the reduction of new drugs available on the
market, phages are progressively being considered as a ther-
apeutic alternative (Kutter et al. 2010; Weber-Dabrowska
et al. 2016; Garvey 2020).

Some authors (Azeredo and Sutherland 2008; Pires et al.
2017) defend that phage therapy is more specific than anti-
biotic therapy, reducing the destruction of the host’s natural
microbiota, it is non-pathogenic for humans, in addition to
being self-limiting, since the phages persist only as long
as the target bacteria are present. However, given that the

@ Springer


http://orcid.org/0000-0002-2678-227X
http://crossmark.crossref.org/dialog/?doi=10.1007/s00203-020-02167-5&domain=pdf

1272

Archives of Microbiology (2021) 203:1271-1279

bacteriophage vary widely, recent original and review arti-
cles presented evidence and also new hypothesis about the
roles of bacteriophages in human diseases, including dys-
biosis (Divya Ganeshan and Hosseinidoust 2019), cancer
(Sanmukh and Felisbino 2017), and Parkinson’s disease
(Tetz et al. 2018).

In this review, we discuss the use of bacteriophages as
therapeutic alternative to treat multiresistant bacterial infec-
tions, also highlighting the potential limitations of phage
therapy that need to be overcome.

Threatened by a post-antibiotic era

Bacterial infections remain a challenge to public health with
high morbidity and mortality rate worldwide, a situation
aggravated by the spread of multidrug-resistant pathogens
accompanied by the insufficient production of new drugs
(Boucher et al. 2009; Viertel et al. 2014).

The main global concern is imposed by multidrug-resist-
ant bacteria belonging to the “ESKAPE” group. The acro-
nym “ESKAPE” includes six nosocomial pathogens: van-
comycin-resistant enterococci (VRE), methicillin-resistant
Staphylococcus aureus (MRSA), Klebsiella pneumoniae,
Acinetobacter baumannii, Pseudomonas aeruginosa, and
extended-spectrum p-lactamase (ESBL)-producing or car-
bapenem-resistant Enterobacteriales (CRE) responsible for
several infections worldwide (Boucher et al. 2009; Magiora-
kos et al. 2012; Pendleton et al. 2013; WHO 2017).

Indeed, according to many experts, included those from
World Health Organization (WHO) and from Center for Dis-
ease Control and Prevention (CDC), we are living now in
a “post-antibiotic” era (Reardon 2014; CDC 2019). Given
this life-threatening scenario, there is a critical need for the
development of new therapies and clinical trial designs for
the evaluation of unused treatments against the “superbugs”.

Therefore, therapy with bacteriophages, used for the first
time almost a century ago, reappeared driven, mainly by
the antibiotic crisis, but also due to a better understanding
of the biology, genetics, immunology, and pharmacology
of these viruses (Gordillo Altamirano and Barr 2019; Rello
et al. 2019).

Bacteriophages, a possible weapon

Phages are viruses with DNA or RNA genome, encapsu-
lated in protein capsids and sometimes with complex tail and
appendages (Torres-Barceld 2018). As mandatory intracel-
lular parasites, they infect their hosts through a variety of
receptors present on the cell surface, such as carbohydrates,
lipopolysaccharides, and proteins (Batinovic et al. 2019).
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Even today, despite the advent of molecular biology, there
is no single method for classifying bacteriophages. Proper-
ties used for phage’s taxonomy include: the nature of nucleic
acid, the morphology of the viral particle (virion), physi-
cal-chemical properties, and genomic data (Ackermann
2012; Wittebole et al. 2014; Lefkowitz et al. 2018). Elec-
tron microscopy has been widely used to identify morpho-
type, complementing the results from molecular/genomic
data analysis (Ackermann 2012; Lefkowitz et al. 2018).
Currently, the international organism responsible for viral
taxonomy is the International Committee on Taxonomy of
Viruses-ICTV (www.ictvonline.org/) (Ackermann 2012;
Lefkowitz et al. 2018).

More than 96% of the population of bacteriophages
belong to the order Caudovirales, which includes caudate
viruses, with double-stranded DNA (Lopes et al. 2014). The
virions have an icosahedral capsid, containing the DNA and
a tail, which is responsible for the connection to the host and
the transport/injection of genetic material into the bacte-
rial cell (Casjens 2005; Ackermann 2007; Wittebole et al.
2014). The order Caudovirales is composed of three fami-
lies: Myoviridae, with the largest capsid (2150 nm) and a
contractile tail; Siphoviridae, with a relatively small capsid
(~50-60 nm) and with a long, flexible, and non-contrac-
tile tail; and Podoviridae, characterized by a small capsid
(~50-60 nm) and a short tail (Drulis-Kawa et al. 2012).
Since only phenotypic observation does not allow an accu-
rate distinction of phages, molecular tools are essential for
the proper classification (Lopes et al. 2014). The other 4%
of the phages exhibit greater morphological diversity, pre-
senting themselves as cubic, filamentous, and pleomorphic
viruses (Ackermann 2012).

The oldest battle of planet: phage-bacteria
interaction

Bacteriophages can have different biological cycles and thus
are classified as lytic or virulent and lysogenic or temperate
(Jamal et al. 2019).

During a cycle of lytic infection, the phage binds to the
receptor(s) on the surface of bacteria, delivers its genetic
material, undergoes replication in the cytosol, and after the
formation of new viral particles, escapes from the cytoplasm
through the lysis of the bacterial cell (Kortright et al. 2019).

Some bacteriophages produce proteins called amurins
which cause bacterial lysis through inhibition of cell wall
synthesis. However, most of them utilize the holin-lysin
system to kill the host cell (WoZnica et al. 2015; Cisek et al.
2017). Bacterial lysis is initiated when holin accumulates in
the cytoplasmic membrane forming small holes that allow
other proteins, the endolysins, escape from the cytoplasm to
the periplasm and degrade the peptidoglycan. In addition,
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some phages are also able to synthesize pinholins, another
type of holin protein characterized by forming heptameric
channels in the membrane, which leads to its depolarization.
The change in the electric potential of the bacterial mem-
brane can lead to the activation of SAR-type endolysins,
which were in their inactive state in the periplasm, result-
ing in the enzymatic degradation of the peptidoglycan. In
this way, both types of holins control endolysin-mediated
peptidoglycan degradation but do so by different mecha-
nisms (Cahill and Young 2019). For Gram-negative hosts,
the rupture of the outer membrane is also necessary. The
lysis of this layer is mediated by spanin complex, which
is usually formed by two components: an outer membrane
lipoprotein (o-spanin), and an integral inner membrane pro-
tein (i-spanin). The activation of the spanin complex results
in the fusion of the inner and outer membranes, resulting in
the destruction of the outer membrane, promoting bacterial
lysis (WoZnica et al. 2015).

The obligatory lytic phage seems to be the best candidate
for the development of phage therapy; however, lysogenic
phages prevail in nature (Jamal et al. 2019; Kortright et al.
2019). In lysogeny, phages do not kill the bacterial cell, but
incorporates its DNA into the host’s genome (prophages)
being able to synthesize a repressor peptide that prevents
the synthesis of enzymes necessary for DNA replication
and protein synthesis. The prophage is inherited by daughter
bacterial cells during binary fission (Tsao et al. 2018). Usu-
ally, prophages carry genes that benefit the hosts increasing
their virulence and survival; therefore, also expanding the
fitness of the bacteriophage (Domelier et al. 2009; Tsao et al.
2018). Just as the prophage is important for bacterial control,
it also plays a role in the destruction of cells when they are
subjected to some stressful situation, such as UV irradiation.
In this situation, the phage repressor peptide ceases to act,
and the DNA of the bacteriophage is then duplicated, lead-
ing to protein synthesis and formation of new phage particles
inside the host. Finally, the bacterial cell is lysed causing
the release of virions in environment (Ebrahimizadeh and
Rajabibazl, 2014; Howard-Varona et al. 2017).

Opponents’ evasion and defense
mechanisms

Bacteria and bacteriophages are locked in a constant bat-
tle. Bacteria can become resistant to phages by developing
subpopulations with stable and resistant phenotypes to pro-
tect themselves against the invasion of foreign DNA. The
resistance can arise due to mutations of DNA or be acquired
by the exchange of genetic material with other bacteria, for
example, through the acquisition of plasmids (Wittebole
et al. 2014; Hill et al. 2018). The mechanisms of resistance
include mutation or loss of membrane receptors, degradation

of phage genetic material by restriction—modification (R-M)
systems through restriction endonucleases (REase) which
cut invading foreign DNA at specific recognition sites, and
activation of the clustered regularly interspaced short pal-
indromic repeats (CRISPR) CRISPR-associated proteins
(Cas) system, a primitive immune system specialized in
destruction of bacteriophages (Wittebole et al. 2014; Hill
et al. 2018).

Similarly, several strategies are used by phages to by-
pass bacterial antiviral systems such as adaptation to new
receptors; bacterial restriction enzymes inhibition (e.g.,
hydrolysis/degradation of cofactors of the R—-M systems);
anti-CRISPR (Acr) proteins that interfere with the host
CRISPR-Cas system after multiple failed bacteriophage
infections and the delivery of a sufficient dose of these
proteins to the recipient bacterial cell (Samson et al. 2013;
Hwang and Maxwell 2019; Laanto et al. 2020; Secor and
Dandekar 2020).

Advantages and limitations of phage
therapy

The renewed interest in phage therapy is related to many
factors, among them, the capacity for self-programming and
exponential multiplication of phages in the scenario of an
infection; the potent lytic activity for its bacterial targets; the
selective toxicity given by the inability to infect eukaryotic
cells; the limited number of bacterial hosts, which allows
them to act without affecting the microbiome widely; the
ability to destroy biofilm and the possibility of synergis-
tic use with antibiotics (Pelfrene et al. 2016; Malik et al.
2017; Aslam and Schooley 2019). Another benefit of phage
therapy is versatility since, due to phage genetic diversity,
abundance and ubiquity, there are practically unlimited
sources of phages.

Phages can be used alone, as a cocktail to broaden the
spectra of activity, or in combination with other antimicrobi-
als to improve their efficacy (Pires et al. 2017; Melo et al.,
2020). According to Romero-Calle and colleagues (2019)
the use of phage cocktails, each one targeting different
receptors and from diverse genetic clades will enhance the
ability to mitigate the host protection mechanisms. Addition-
ally, genetic engineering may also provide ways to broaden
the diversity and targeting efficiency of phages for the avoid-
ance of phage-resistance.

In the early days of studies about phage therapy, bacte-
riophages were isolated from stool samples from patients
with diarrhea and used successfully in the treatment of bac-
terial dysentery (d’Herelle 1917; Weber-Dabrowska et al.
2016; Almeida and Sundberg 2020). Nowadays, in humans,
phages have been used successfully to treat a wide variety
of infections, both local and systemic (Kutter et al. 2010;
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Weber-Dabrowska et al. 2016; Dabrowska 2019; Gordillo
Altamirano and Barr 2019; Kortright et al. 2019).

Many clinical studies have been carried out to evaluate
the safety and efficacy of phage therapy. In Table 1, we pro-
vided an overview of recently concluded, or currently run-
ning clinical studies with bacteriophages registered at https
://clinicaltrials.gov/.

The first phase I randomized clinical trial, carried out in
the United States, was published by Rhoads et al. (2009).
The safety of a cocktail of phage directed against Escheri-
chia coli, S. aureus and P. aeruginosa was evaluated in 42
patients with chronic venous leg ulcers with no side effects
attributed to the cocktail. Still in 2009, Wright and col-
leagues published another randomized, double-blind phase
I/II clinical trial, in which they tested the action of a phage
cocktail in the treatment of chronic otitis by antibiotic-
resistant P. aeruginosa in 24 patients (Wright et al. 2009).
The researchers evaluated inflammation signs, patient symp-
toms and quantified bacterial and viral loads. The cocktail
improved all variables evaluated compared to placebo after
42 days of follow-up.

Case studies with bacteriophages involving patients
with bacterial infections that could no longer be success-
fully treated by regular antibiotic therapy have already
demonstrated the effectiveness of phage therapy in treating
patients with eye infections (Fadlallah et al. 2015), diabetic
foot ulcers (Fish et al. 2016), pancreatitis (Schooley et al.
2017), and urinary tract infection (Ujmajuridze et al. 2018).
Fadlallah et al. (2015) reported a case study of a 65-year-
old patient who suffered from a secondary eye infection
with VRSA (vancomycin-resistant Staphylococcus aureus),
treated with eye drops containing a well-characterized lytic
phage, SATA-8505 (ATCC PTA-9476), against MRSA
(meticillin-resistant Staphylococcus aureus). After 6 months
of treatment, the patient had negative cultures for VRSA.
This case study demonstrated that bacteriophage eye drops
can be used as an alternative treatment for infectious kera-
titis caused by multidrug-resistant (MDR) pathogens. Fish
et al. (2016) reported a case series involving six patients
with diabetic foot ulcers who were treated with a commer-
cial preparation of anti-staphylococcal phage (Sb-1). The
reported average healing/use time was seven weeks, and
amputations were avoided. Schooley et al. (2017) described
the case of a 68-year-old diabetic patient with necrotizing
pancreatitis complicated by an infection caused by MDR A.
baumannii. The patient responded to therapy with a cocktail
of nine lytic phages, administered intravenously and percu-
taneously, with evident clinical improvement. Ujmajuridze
et al. (2018) used Pyophage® to treat nine patients suffering
from urinary tract infections. The first phase of this study
involved cycles of adaptation of this commercial preparation
to increase its sensitivity in relation to uropathogen. In the
second phase, six of the nine patients responded to treatment
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with bacteriophage showing a significant reduction in the
concentration of pathogens in urine.

Phage therapy has also been used in combination with
other antimicrobials for greater effectiveness in the treatment
of infections (Markoishvili et al. 2002; Treliriska et al. 2010;
Khawaldeh et al. 2011; Schooley et al. 2017; Aslam et al.
2018; Chan et al. 2018), as well as against bacterial biofilms
(Jo et al. 2016; Chaudhry et al. 2017; Pires et al. 2017).
As an example, Chan et al. (2018) reported the case of a
76-year-old patient who underwent aortic arch replacement
surgery with a Dacron graft and was later diagnosed with
infection by MDR P. aeruginosa. As the patient was at high
risk for surgical graft replacement and treatment with intra-
venous ceftazidime and superficial debridement of the chest
wall was unsatisfactory, a single dose of OMKOI1 phage
and ceftazidime was used simultaneously. The treatment
was well tolerated and although the patient had other com-
plications, the infection by P. aeruginosa receded without
recurrence, despite the interruption of antibiotics. Finally,
Pires et al. (2017) in a review discussed some of the most
important studies about the effectiveness of phages against
bacterial biofilm. The author concluded that phage therapy
is an attractive option for preventing and controlling biofilm-
related infections, despite the difficulty of effectively con-
trolling a population with only one phage. Furthermore, the
authors proposed the use of combined therapies, including
phages cocktails and antimicrobials, to overcome biofilm
barriers. However, the combined use of phages with anti-
biotics, it is important to note that is difficult to distinguish
between the effect of phages and antibiotics alone, or a
potential synergistic effect, because in most clinical cases,
patients are receiving phages in association with antibiotic
therapy.

Despite the advantages of phages over antibiotics, they
also have some disadvantages, which result from the fact
that they are relatively large and highly specific for bacte-
rial strains. Among the disadvantages are: (1) the total size
of the viral particle, which varies from about 20 to 200 nm,
with some larger phages being quickly recognized by the
reticuloendothelial system, resulting in loss of effectiveness;
(2) the phage components are immunogenic and could trig-
ger immune responses after entering the bloodstream; (3)
high specificity can be a disadvantage, since only one set of
strains is targeted by the phages; (4) phages are able to trans-
fer (by transduction) genetic material between host bacteria,
which drives the evolution of the bacterial population; (5)
the possibility of transferring genes that encode virulence
and/or resistance to antibiotics; (6) phage therapy combined
with antibiotics increases the interactions between phages
and bacteria, expanding gene exchange by transduction,
leading to the adaptation of the microbiota and, possibly, of
MDR bacteria (Goérski et al. 2012; Modi et al. 2013; Kim
et al. 2019; Melo et al. 2020).
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Bacteriophages are naturally present within the human
body, most of them as prophages in our bacterial microbi-
ome. Under different conditions, prophages can be induced
to the lytic cycle leading to disturbance of the balance of
microbiota and, consequently, dysbiosis. It is important to
consider the potential interaction between lytic phages, used
for therapy, and the commensal phages (or prophages) in
the microbiota, specifically the possibility of induction of
prophages, directly or indirectly, as a result of lytic phage
action (Divya Ganeshan and Hosseinidoust 2019).

Although phage-based clinical products are commercially
available in some Eastern European countries (Stafal®, Sex-
taphage®, PhagoBioDerm™ and Pyophage® [Mulani et al.
2019]), in Western Europe and USA, no phage products for
clinical applications have yet reached the commercial stage
(Pelfrene et al. 2019). The phage therapy still not have the
approval for human administration from the Food and Drug
Administration (FDA) or the European Medicines Agency
(EMA), but it is allowed for compassionate use in some
countries (McCallin et al. 2019; Sybesma et al. 2018).

There is a lack of well-curated public phage libraries
available for therapeutic use. Research labs in academia,
industry, and army research centers have small to mid-sized
collections that are mostly not shared with the broader scien-
tific community (Divya Ganeshan and Hosseinidoust 2019).
The Phage Directory (https://phage.directory) is an initiative
that aims to organize such sharing, allowing the access, the
use, and build upon the world’s phage knowledge (Gibson
et al. 2019).

Finally, other issues have been pointed out as limitations
to the application of the bacteriophage therapy in the West-
ern World in the twenty-first century: quality and quantity
of previously conducted study designs; bacteriophage-
cocktail production, composition, and application methods
in the context of the current legal framework; unfamiliarity
among health professionals and the general public about the
potential use of bacteriophage therapy, and limitations in
intellectual property protection for bacteriophage therapeutic
applications (Sybesma et al. 2018).

Final considerations

Considering the limited arsenal of antibiotics available, as
well as an insufficient production of new drugs, and despite
all its limitations, bacteriophages are a natural, safe, and
effective strategy for the treatment of bacterial infections,
with the additional advantage of preventing and controlling
multi-resistant organisms. A combined approach, in which
two or more therapies are used together with the aim of
overcoming the individual limitations of each, has the poten-
tial to extend the useful life of the antimicrobials currently
available. For this, standardized clinical trials using phage,
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monoclonal or polyclonal, in monotherapy or in combination
therapy with antimicrobials, will allow to ascertain the real
potential of these treatments in clinical practice, but must be
carefully designed to be safe, inclusive and to generate data
for comparison with previous studies.

Basis of the foregoing and the real threat to human
health caused by MDR microorganisms, efforts in research
and development of new treatments are being prioritized.
Although some knowledge gaps need to be filled before the
use of phage therapy is standardized, the field is advanc-
ing rapidly. Initiatives to share information and strains are
already being developed in different research institutions
around the world. Also, there is no single effective approach
to the clinical use of phage therapy, and its diversity and ver-
satility are among its greatest advantages. Finally, although
the use of phage therapy seems challenging, its realization
will bring social, commercial, economic and, above all,
clinical benefits.

Therefore, we propose a consolidation of public bacte-
riophage libraries initiatives for phage therapy as the Phage
Directory (https://phage.directory) available for compassion-
ate treatment of antibiotic-resistant in protocols in humans.
Enough cases can be used to gather adequate information
and increase the availability of phages as a therapeutic
alternative.

Finally, the consolidation of public phage libraries, with
the sharing of strains, in addition to contribute to the imple-
mentation of randomized double blind placebo control stud-
ies, would allow the compassionate use of phages which, in
the future, producing enough data to attest the safety and
efficacy of phage therapy.
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