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Abstract

Treatment of antibiotic resistant uropathogenic Escherichia coli (UPEC) infection is currently a major challenge in the field of antimicrobial
therapeutics. In addition, the evolution of Extended Spectrum Beta Lactamase (ESBL) and bio-film producing UPEC pose further hurdles in
treating recurrent urinary tract infection (UTI) due to UPEC. The last decade witnessed emergence of various alternative treatment measures
to tide over this crisis, including non-antibiotic agents and vaccines. However, in terms of efficacy, none of these agents fulfil our needs
adequately. It appears that we are slowly and surely entering into the post-antibiotic era. This has prompted researchers to turn their attention
to re-discover bacteriophage therapy as an alternative for treatment of resistant uropathogens. Phage Bacteriophages (phages) are tiny viruses,
which are highly specific to their biological hosts and have been known to the researchers for more than two decades. Despite its demonstrated
utility long ago, phage therapy was not in the lime light due to various reasons. These tiny members of the extensive microbiome in the human
body are now being reconsidered as alternatives to antibiotics in resistant situations. The phages possess the potential of being used as natural
phages (or as cocktail), genetically engineered phages, phage lytic enzymes or phage antibiotic synergy. In this paper, we attempt to review
the current status of phage therapy in UPEC and assess whether it is time to incorporate it into treatment practices during this post antibiotic

era with widespread chemical therapeutic resistance.
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1 Introduction

Urinary Tract Infection (UTI) is considered as the most
common bacterial infection especially in primary care
hospitals [1]. The occurrence of UTI is higher in females
due to inherent anatomical and physiological reasons. The
estimated incidence of UTI in school-aged girls is 1%, 4%
in women of childbearing age and 15% in elderly
population. UTT also accounts for 6.2% of deaths over the
age of 65 years [2-4]. It is well known that UTI is caused
mainly by Escherichia coli (E. coli) bacterial strains in over
80% of cases. Though E. Coli is regarded as a harmless
commensal bacteria occurring in the human intestine, it
becomes pathogenic in immunocompromised individuals
and by undergoing genetic changes. Extra intestinal E. coli
(Uropathogenic E. coli, UPEC) is more pathogenic
compared to Intestinal Pathogenic E. coli (InPEC).
Recurrent UTI, defined as at least 3 episodes of UTI within
12 months or at least 2 episodes within 6 months is found to
occur in a staggering 20-30% of women with UTI [5].
Recurrent UTI can be a relapse caused by the same
microorganism after adequate treatment or a reinfection
caused by a different microorganism or by the same
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organism after complete treatment, with subsequent
negative urine culture.

1.1 Rationale for review

Low dose antibiotic prophylaxis has been widely practised
for the treatment of recurrent UTI. However there has been
a significant upsurge in UTI cases recently which are due to
organisms showing resistance to several antibiotics. WHO
has included E. coli belonging to Enterobacteriaceae family
in the critical category of resistant pathogens needing
advanced antimicrobial agents [6]. The emergence of
antibiotic resistant strains of E. coli, Extended Spectrum
Beta Lactamase (ESBL) producing strains and those which
produce biofilms further add to the hurdles in managing
pathogenic E. coli infections. The burden of antimicrobial
resistance (AMR) is alarmingly increasing worldwide and it
is estimated that 10 million people will die every year due
to AMR by 2050 unless the problem of AMR is addressed
by a collective global response [7]. Though many
therapeutic measures including non-antibacterial agents and
vaccines have been researched and popularised for the
treatment of recurrent UTI, none of these have established
themselves as fool-proof methods as of now [8]. This has
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renewed the interest among researchers for exploring the
use of bacteriophages as potential alternative for treatment
of recurrent and resistant UTI. Bacteriophages (phages,
bacterial viruses) are tiny forms of highly heterogenous
viruses having DNA/RNA as their genetic material. The
phages specifically recognise receptors present on the
bacteria, enter into bacterial host and release their genetic
material. This results in host cell lysis by overtaking the
replication process of bacteria and releasing the progeny of
lytic phages. In some instances, the phage genetic material
can get integrated into the bacterial genome resulting in the
formation of Temperate Phages which ultimately control the
bacterial infection [9, 10].

The identification of bacteriophages as bacterial eaters has
been credited to Frederick Twort, a bacteriologist in London
in 1915 and Felix d’ Herelle, A French-Canadian
microbiologist in Paris in 1917 [11, 12]. However the
widespread use of bacteriophages to treat bacterial
infections took a backseat except in former Soviet Union
Countries like Georgia and Russia. The lack of interest in
phage therapy was partly due to the emergence of popular
and lucrative antibiotics and other therapeutic molecules.
However, the irrational use of antibiotics, poor regulations
and surveillance, unhealthy clinical practice and lack of new
therapies contributed to antibiotic resistance seen in the
present time [14, 15]. Surprisingly, it is now identified that
there is significant bacterial resistance among
Enterobacteriaceae family even to the most recent of
available antimicrobials, namely carbapenams [13]. The
emergence of Multi Drug Resistance (MDR), Extensively
Drug Resistant (XDR) and Pan-Drug Resistant (PDR)
strains of bacteria has raised the alarm for scientists to renew
their interest in the use of alternate therapeutic molecules
against resistant bacteria. The failure of non-antibacterial
measures which emerged with hype during the last decade
to successfully treat resistant bacterial infection, has now
forced scientists to redirect research towards using
bacteriophages and lysins as possible alternatives, with
potential benefits towards treatment of MDR and XDR E.
coli strains [16-18]. The present review is an effort to
compile the latest information on the subject of
bacteriophage therapy and to assess whether the present
situation demands an immediate revival of this novel
therapeutic approach using this technique in recurrent and
resistant UTL.

2 Methods

This was a systematic review of articles published in
Pubmed and Google Scholar on Phage Therapy for various
bacterial infections during the period 2010 to 2021 obtained
through Google Search Engine.

2.1 Results of Search
Out of the 143 articles, excluding those which had

repetitions, 49 articles were included in the final analysis,
which were relevant to the subject of discussion. The data
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available in these articles were reviewed and presented in
this paper.

3 Discussion
3.1 Types of phage therapy

There are four types of phage therapy useful for UTI. These
include the use of Natural Phage Cocktails, Genetically
Engineered Phages, Phage Lytic Enzymes/Proteins in
natural and engineered forms and Phages Synergestic with
Antibiotics.

3.2 Natural phage cocktail therapy

The use of phage therapy can be either with a single phage
type (monophage therapy) or with more than two phage
types (polyphage or cocktail therapy). Polyphage therapy
helps to increase the host range since the phages in the
cocktail have different host specificities and thereby
overcome phage resistance caused by receptor mutation
[19]. The phage receptors of E. coli strains can be present
either on the surface or on the pili [20, 21]. Nishikawa et al.
had proved the efficacy of a cocktail made of T4 phage and
newly isolated KEP10 phages obtained from sewage water
on lysis of MDR E. coli in mouse [22]. Sillankorva et al.
used a cocktail containing 3 phages (T4, T1 and Phi X 174
like phages) for effective lysis of UPEC [23].

Phage cocktails could be effective in treating infections by
uropathogens producing biofilm where antibiotics are less
effective due to lowered metabolic activity of bacteria in the
biofilms [24]. This was confirmed by Chibeu et al. who
found out that polyphage therapy could be effective in more
than 80% of a subset of biofilm forming UPEC strains in his
study [25]. Subsequent studies by several other researchers
have also confirmed that a cocktail of lytic phages
developed by them could effectively delay the formation of
phage resistant bacterial cells [26-28]. In yet another study
conducted by Sybesma et al., it was observed that the lytic
activity of Pyobacterophage cocktail was 66% and
Enkobacterophage cocktail was 93% on E. coli isolated
from the urine of patients suffering from UTI [29]. The
phage cocktails were obtained from commercially available
preparations in Georgia or from phage collection of the
George Eliava Institute of Bacteriophage. However, it is
interesting to note that the lytic activity was less marked for
the cocktail when used against Klebsiella pneumonia strains
of bacteria. Single type of phages that identify more than
one bacterial receptor has also been isolated by some
researchers which possess potential advantages over single
receptor phages [30, 31].

Combining phage cocktails with antibiotics/antiseptics or
polyscaccharide degrading enzyme, depolymerase has also
been reported to be a novel approach for treatment of
biofilm forming E. coli residing on urinary catheters [32].
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3.3 Genetically engineered phages

Narrow host range, emergence of phage resistant bacterial
strains, technical difficulties in procuring regulatory
approval, problems of manufacturing and deleterious effects
of bacterial lysins on host immunogenicity all pose potential
limitations for the use of natural phages in hospital settings.
To address these issues, researchers are exploring the
feasibility of genetically modified or engineered phages for
treatment of uropathogens [33, 34]. Techniques for
synthesising  genetically modified phages include
homologous recombination between phage and bacterial
plasmid DNA, phage recombineering of electroporated
DNA, in vivo recombineering, CRISPR-CaS (Clustered
Regulatory Interspaced Short Palindromic Repeats-CaS)
Mediated genome engineering and various other methods
[35]. Such modified bacteriophages show greater efficacy in
reducing bacterial biofilms compared to natural lytic
phages.

3.4 Phage Iytic proteins

With advancement of genomics, phage lytic proteins or
enzymes extracted from phages have been explored as
agents for control of resistant uropathogens. The phages
produce two types of cell wall lytic proteins or enzymes. i.
Endolysins produced internally by phages during the late
states of infection causing lysis of bacteria from within [36-
38]; ii. Virion associated lysins or peptidoglycan hydrolases
which cause lysis of bacterial cells from without when they
attach to the bacterial surface [37-41]. Though the
application of phage lytic proteins was earlier restricted to
only gram positive bacteria, some researchers later reported
that gram negative bacterial cells having outer membrane
(OM) could also be lysed by using membrane disrupting
peptides or chelating agents like ethylene diamine tetra
acetic acid (EDTA) in combination with phage lytic proteins
[38, 42]. There are also studies using endolysins fused with
Outer Membrane Permiabilizers (OMP) effective against
gram negative bacteria including E. coli, Klebsiella and
Acinetobacter strains [43, 44].

There are various techniques to facilitate endolysin-OM
penetration in gram negative uropathogens. The first
strategy involves coupling of endolysins with compounds
that target them to specific receptors present on OM of
gram-negative bacteria [45,46,47]. The other strategy
involves the use of artilysins wherein the endolysins are
engineered to fuse with OMPs or peptides having the
potential to distort the outer leaflet of OM [48]. An artilysin
named Art-175 was made by Briers et al which could kill
Pseudomonas aeruginosa strains which is now extrapolated
for the lysis of colistin resistant E. coli strains also [49, 50].

3.5 Phage antibiotic synergy (PAS)

PAS is a process in which sub-inhibitory concentration of
an antibiotic agent, stimulates the production of virulent
phages by host bacteria [51]. When the biomass of host
bacteria increases, the biosynthetic capacity of bacterial cell
also increases resulting in an increase in the number of
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virulent phages. Such phages spread at much faster rate
when the host cells lyse due to antibiotics [52]. Elongated or
filamentous cells make the phage receptors more accessible
to phages causing cell lysis [53]. A sub-inhibitory
concentration of stress inducer like an antibiotic agent,
initially causes a low concentration of phages, delaying the
bacterial lysis. This in turn leads to increased phage
production in the bacterial host. This mechanism was first
explained by Kim et al. which has been found out to provide
better long-term benefits including avoidance of emergence
of antibiotic resistant bacterial strains [54]. Though in vitro
and in vivo studies of PAS have been carried out using
various animal models and some human cell lines, this
therapy is yet to be available specifically for UPEC [55].

3.6 The status of phage therapy in current clinical practice
scenario

Though current status of phage therapy through all the four
different techniques seems to be highly promising in the
treatment of recurrent and resistant UTI, not many human
trials have reached beyond phase 2. Ujmajuridze et al. have
shown positive results with no adverse effects in using
bacteriophage named Pyo for the treatment of clinical UTI
[56]. Pyophage cocktails have also been effectively utilized
in certain other clinical trials [57]. Oral E. coli phage
cocktail has been used in a study conducted in Bangladesh
for the treatment of diarrhoea caused by InPEC with minor
efficacy [58]. A clinical phase 2 trial of phagoburn designed
for treatment of burn wounds caused by E. coli and
Pseudomonas aeruginosa by the same researchers also
didn’t find satisfactory endpoint. Gutierrez et al. reported no
harmful effects upon intravenous injection of endolysin
SAL 200 in the treatment of Staphylococcus aureus in a
phase 1 trial [59]. However, another clinical trial using lytic
protein P128 was unsuccessful in treatment of nasal strains
of Staphylococcus aureus. Successful treatment with
Compassionate phage therapy (CPT) in patients on whom
antibiotic has failed has also been recently reported and
holds promise in future [60, 61, 62].

Though the results of animal studies correspond well with
those of in vitro studies, the use of phage therapy as
alternative to chemical-based treatment of human bacterial
infections will require much greater impetus in future
demanding further research and development [63]. Further
studies are also required to investigate the dose, ideal route
of administration, frequency and duration of phage therapy
in the treatment of clinical UTI [64]. There has been
development of some novel approaches employed in phage
therapy recently. An approach named Magistral phage has
been introduced in Belgium where customised phages
would be prepared in the laboratory as per doctor’s
prescription [61]. In the USA, the host phage therapy centre
has been established which reported remarkable success in
the treatment of several patients using phage therapy [60].
How these new models could be adopted and implemented
by other countries crippling under Covid-19 pandemic is a
million-dollar question to be answered.

A critical analysis of 37 articles on or related to the use of
lytic phages as antibacterial agents and the current state of
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phage therapy implementation is available in an article by
Abedon et al [65]. It is interesting to note that many
bacteriophages exist as members of the microbiota in lower
urinary tract [66]. These phages, while modulating the
composition of the commensal microbiota in healthy status,
persist throughout the course of dominant infections in the
individuals. It is prudent that phage therapy should ideally
cause minimal or no disturbance to this commensal bacterial
community and should probably be directed very narrowly
towards a specific pathogen in the community. Therefore, it
is important to understand the relevance and role of phages
within the urinary tract when adopting phage therapy
against UPEC infection [67].

It is discerning to note that in the middle of SARS-CoV-2
pandemic, MDR bacterial infections are emerging with
increased frequency, possibly due to widespread
prophylactic administration of antibiotics in ICU patients
against secondary bacterial infection. This is expected to
cause significant global public health concerns in future that
could lead to heavy human and economic losses. Therefore,
there is an urgent need to seek alternative treatment against
MDR bacteria within various human systems in the
immediate future. Bacteriophage therapy could be a
potential new tool in this scenario as well [68, 69].

4  Conclusion

Bacteriophage therapy is evolving as a very promising
alternative to antibiotics in the treatment of recurrent and
resistant UPEC. In it, the scientists have found that the old
proverb “The enemy of my enemy is my friend” fits their
context beautifully and it is time to fill new bottles meant
for antibiotics with the old wine called the phages. Though
the research in this field has shown promise, there is no
singular proved approach for satisfactory clinical use of this
modality of treatment. However, the diversity and
adaptability of phage therapy will soon pave the way for an
effective treatment of recurrent and resistant UPEC in the
near future. Majority of data on phage therapy currently is
obtained from in vitro studies and studies on lab animals,
with a major limitation in the lack of appropriate clinical
research on human volunteers. There is an urgent need to
speed up the availability of phage therapy in resistant UPEC
in clinical practice overcoming regulatory and legal hurdles,
before the bacteria become smarter than humans.

As an epilogue, researchers should also keep in mind the
possibility of bacteria adopting phage resistance and
therefore should identify other strategies to overcome this
inevitability too, while the research on phage therapy is in
progress.
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